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Preface 


The problem of the origin of life is of current 
importance in contemporary natural sciences. 
It has become responsible for a great deal of 
research that is carried out in various scien¬ 
tific centres in this country and elsewhere. 
The vast amount of incomplete empirical 
data calls for new approaches and quite novel 
principles of generalization. The solution of 
this multilateral problem becomes ever more 
difficult for any researcher working on his 
own. While this book was being written and 
prepared for publication its author fully 
comprehended the words of the outstanding 
English physicist and naturalist John Bernal 
(1901-1971). He had explained that any solu¬ 
tion of the problem of the origin of life sug¬ 
gested by an individual irrespective of his 
or her education or talent was bound to be 
biased and subject to criticism since it would 
be based on the ideas or assumed facts re¬ 
ferring partially to those fields of science with 
which the person is not directly familiar. 
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Preface 


In spite of the fact that the problem con¬ 
nected with the origin of life is tackled mainly 
by biochemists and specialists conducting 
research in the held of molecular biology, its 
solution cannot be achieved without the 
participation of scientists who are concerned 
with the study of the environment in which 
the origin and development of life occurred, 
i.e. geologists, paleontologists, geochemists 
and others. What is also urgently required is 
the data furnished by present-day cosmo- 
chemistry. 

In 1976 the author of this book wrote: 
‘The main prerequisites conditioning the emer¬ 
gence of life on Earth were created at the end 
of the cooling period of the primary gaseous 
nebula. In the last stages of cooling and as 
a result of catalytic reactions of biophile ele¬ 
ments numerous organic compounds were 
formed. They gave rise to the origin of the 
genetic code and the self-developing molecular 
systems. 

The beginning of the Earth and life repre¬ 
sented a unique interrelated process, or the 
result of the chemical evolution of the solar 
system matter." 

This statement has been thoroughly sub¬ 
stantiated by the achievements in science and 
the new empirical data provided by geochem¬ 
istry, cosmochemistry, and experimental bio¬ 
chemistry. A large number of books, including 
those for the public at large, have been de¬ 
voted to the development of life on Earth. 
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However, the latest discoveries in the field 
of micropaleontology and geochemistry of 
isotopes render it possible to describe the fas¬ 
cinating history of the development of life 
on Earth from quite a different angle. This 
is precisely what has encouraged the author 
to write this book, in which the problem of 
tho origin of life is regarded in terms that are 
absolutely new. 
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The Earth’s Contemporary Biosphere 
and Its Population 

Living organisms together with their habitats 
with which they are most closely connected 
by means of energy and metabolism form a 
very special kind of the Earth’s cover known 
as biosphere. Today our planet’s biosphere 
with all its population owes its origin to 
a prolonged evolution of the living matter 
and the changes of the whole environment. 

The concept of biosphere first came to light 
in the works of the famous French naturalist 
J.B.P. Lamarck (1744-1829). Into geological 
sciences biosphere was included on the ini¬ 
tiative of the Austrian geologist E. Suess 
(1834-1914). However, a profound scientific 
study of the biosphere as the Earth’s sphere 
with qualitatively unique energetic and geo¬ 
chemical properties was developed in the 
USSR by the remarkable naturalist V.I. Ver¬ 
nadsky (1863-1945). In later years this branch 
of science was further augmented by the new 
ideas elaborated by A.P. Vinogradov, 
V.V. Kovalsky, A.A. Polynov, A.I. Perel- 
man and other, mainly Soviet, scientists. 
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The biosphere represents a highly compli¬ 
cated organization of matter in which its 
various inorganic forms of movement are re¬ 
lated to living substances. Millions of species 
of organisms, existing in the biosphere, do 
not live by themselves, but are in regular 
associations with numerous specimens called 
biocenoses. As a matter of fact, the origin 
of the first living organisms on our planet 
found its expression in the emergence of bio¬ 
cenoses. In other words, any form of life is 
connected with a particular environment, 
and, thus, the problem of the origin of life 
may well be regarded as precisely the problem 
of the emergence of the biosphere itself. 

The metabolism with the outer environment 
had become a sine qua non for the existence 
of every single organism. Presumably, the 
whole biosphere of our planet should be re¬ 
garded as that part of its matter, which under¬ 
goes the process of metabolism with the living 
matter. As regards the medium of their habitat 
all living organisms are divided into auto¬ 
trophic and heterotrophic varieties. The auto¬ 
trophic organisms include those whose source 
of nutrition is inorganic mineral substances. 
The most typical process of autotrophic nu¬ 
trition is photosynthesis, when with the help 
of the sun’s ray organic substances are derived 
from carbon dioxide and water of the surround¬ 
ing medium. What serves as the source of 
nutrition for heterotrophic organisms is the 
final organic substances. It is not difficult 
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to imagine that autotrophic organisms com¬ 
prise green plants, while animals are referred 
to the heterotrophic variety. However, mention 
should be made of the fact that a smaller 
part of the biosphere is inhabited by micro¬ 
organisms that combine in themselves both 
autotrophic and heterotrophic means of nutri¬ 
tion. This transitional form of organisms be¬ 
tween plants and animals is represented by 
flagellates—euglenas, which retain chloro¬ 
phyll and have the autotrophic means of nu¬ 
trition, while some of them, depending on the 
conditions of the environment and illumina¬ 
tion, change the autotrophic means of nu¬ 
trition for the heterotrophic one. 

Most of the organisms of the contemporary 
biosphere are referred to the aerobic variety 
that live in the presence of free oxygen of the 
Earth's atmosphere; a considerably smaller 
part consists of microorganisms that are the 
anaerobes inhabiting the medium deprived 
of oxygen. 

Living organisms are settled according to 
the conditions of their habitat in the uppermost 
layers of our planet: the atmosphere, hydro¬ 
sphere, soil, and sedimentary cover or the 
stratosphere. In the biosphere organisms form 
markedly diverse concentrations—from single 
bacteria and spores per cubic metre of atmo¬ 
spheric air to the densest tropical forests of 
the equatorial belt of our planet and traces 
of life in the depth of the World Ocean. 

The totality of living organisms form 
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the unit—the living matter of our planet, 
or its biomass. According to the data sup¬ 
plied by the Soviet scientists N.l. Bazile¬ 
vich, L.E. Rodin, and N.N. Rozov, the 
overall amount of biomass and its distribution 
between land and sea are presented in Table 1. 


TABLE 1. The Biomass of Organisms on the Earth 


Habitat 

Group 

of organisms 

Mass, 

10'* met¬ 
ric 
tons 

Percentage 

Conti- 

Green plants 
Animals and 
microorganisms 

2.4 

99.2 

nents 

0.02 

0.8 


Total 

2.42 

100.0 

Oceans 

Green plants 

0.0002 

6.3 


Animals and 
microorganisms 

0.003 

93.7 


Total 

Total 

0.0032 

2.4232 

100.0 


It is not difficult to observe that the biomass 
of organisms on land (continents) is practically 
800 times greater than that of the biomass of 
the World Ocean. Hence, it would be quite 
natural to infer that the exit of organisms on 
land in the middle of the Paleozoic era led 
to a considerable increase of the whole biomass 
of the Earth with all the ensuing biogeochem¬ 
ical consequences. In his time V.I. Ver¬ 
nadsky came to the conclusion that the bio- 
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mass is constant within the whole period of the 
Earth’s history. However, at present this 
statement should be accepted rather tentative¬ 
ly- 

Since the living conditions in the World 
Ocean were most favourable, it is possible 
to consider that the Earth’s hydrosphere was 
distinguished by the constancy of the biomass 
throughout the whole period of its existence. 
In this case the total amount of the mass of 
living matter was determined by the surface 
area of the World Ocean—a value that is 
apparently variable and dependent on the 
geological development of the earth’s crust. 

All the organisms of our planet are most 
closely connected with water. The famous 
German physiologist R. Du Bois (1818-1896) 
wrote that the organism is living water, or 
eau animate. For a living organism bound 
water, that does not lose its main properties, 
is a most necessary ingredient. Its amount in 
living organisms, excluding spores and inert 
seeds, fluctuates between 60 and 99.7% in 
weight. The role of water in the vital activity 
of organisms can hardly be overrated. With 
the higher animals it is the intensely function¬ 
ing organs that are most lavishly saturated 
with water. If in a skeleton there are 22% 
of water, while in the muscles the figure goes 
up to 76.6%, whereas the content of water 
in the heart increases to 79.3%, and reaches 
83.3% in the cerebral cortex. In the period 
of their rapid growth the amount of water 
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in young organisms exceeds 90%. With the 
mature ones the figure drops to 50%. If we 
consider the low-organized varieties, we shall 
find the jellyfish to be the most striking exam¬ 
ple, since the amount of water in them is equal 
to 99.9% in weight. But the jellyfish are com¬ 
plex, mobile bodies in the sea environment. 
At the same time the sea fauna is much more 
varied as far as the number of different types 
of animals is concerned, than that of land. 

Thus, the evolution of the principal classes 
and types of animal kingdom was closely con¬ 
nected with aqueous medium, which has left 
its imprint on the appearance of the now exist¬ 
ing organisms. 

In chemical terms what is the starting point 
of active substance is the carbon that pos¬ 
sesses the unique property of creating an in¬ 
finite variety of chemical compounds. Any 
form of the living organism consists of com¬ 
binations of few chemical elements. For in¬ 
stance, 96% of the mass of human body are 
made up of such abundantly spread elements 
in the biosphere as H, C, N, and 0. The other 
elements enter into the composition of living 
organisms in relatively insignificant quantities, 
in spite of the exclusively important role 
that some of them have in performing physio¬ 
logical functions. We may well think that 
all the elements of Mendeleev's Table enter 
into the composition of the living matter of 
our planet, though in different quantities. 
The general character of the propagation of 
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TABLE 2. The Abundance of Chemical Elements in 
the Living Substance 


Con- 


Con- 


tent in 
weight 

Elements 

tent In 
weight 

Elements 

% 


% 



10 O t C, H 

10- 1 N, Ca, K, Si 

10-* P, S, Mg, Na, 

Cl, Fe 

10-3 Al, Ba, Sr, Mn, 

B, TR 

10-i Br, F, Ti, Zn, 

Rb, Cu, V, Cr 


10-* 

Ni, Pb, Sn, As, 


Co, Rh, Li, Mo, 


Y, Ce 

io-« 

Se, U 

10“ 7 

Hg 


chemical elements in the living organism 
according to the degree of their content is 
given in Table 2. 

Living organisms possess a selective ability 
of making use of the chemical elements from 
the environment according to their physiolog¬ 
ical needs. A large number of elements enter 
into the composition of both the organic and 
mineral compounds of living substances. They 
can be subdivided into the main structural 
elements (C, H, N, 0, P, S, Na, K, F, Mg, 
Si, Ca) and biocatalytic elements (Fe, Cu, B, 
Mn, J). The most essential chemical elements 
of living organisms are called biophilic. The 
combinations of their atoms give rise to a va- 
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riety of molecules of organic substances. 

However, the diverse forms of life consist 
of a rather 9mall number of simple molecules 
that are referred to as monomers. The most 
significant of them are amino acids, which 
become responsible for the formation of pro¬ 
tein. The living substance of the biosphere 
predominantly consists of long molecules which 
have the form of chains. These chains are 
bound to each other and form polymers, in 
which certain structures are repeated with 
minor variations. Within polymers there some¬ 
times occur ring structures and side chains, 
while chains themselves are coiled into specific 
complex structures. These structures help some 
of the protein polymers to find their expression 
as catalysts accelerating the process of chem¬ 
ical reactions. Organic catalysts of this 
kind are called ferments. The variety of 
organic chemical compounds is conditioned by 
the formation of diverse polymers from mono¬ 
mers and the combinations of polymers with 
each other by different means. The basis of 
a living matter is formed by carbohydrates, 
fats, water, and nucleic acids (Fig. 1). 

Carbohydrates are highly spread organic 
compounds. They represent the simplest com¬ 
pounds of carbon, which consist of C, 0, 
H in different relationships, that are usually 
expressed by the general formula C n H 27l O n . 
They include monosaccharides, e.g. glucose 
and fructose (C 4 H 12 O a ). In the tissues of ani¬ 
mals we can find the most complicated variety 
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N^ C '^C / '\ N^ CVs C—CH 3 

| || C-H | I 

ho “ c ^ n / c - h 
Purine Pyrimidine 

Fig. 1. Structural formulas of important chemical 
compounds .entering into the composition of living 
matter 


of saccharide known as glycogen. Its molecule 
comprises one thousand molecules of mono¬ 
saccharides. In the composition of plants a very 

2-0669 
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important fnnction is attributed lo cellular 
tissue (cellulose), of which the walls of the 
plant colls arc built. 

Fats arc complex organic com pounds con¬ 
sisting of combinations of various fatly acids. 
In the molecules of fats the atoms of carbon 
form chains that arc connected with the atoms 
of hydrogen. Oxygen is present in very small 
quantities. The structural formula of one of 
the fatty acids is given in Fig. 1. 

Proteins arc exceptionally complex natural 
organic compounds. Ucsidos C, O, and II, 
they contain N, and sometimes S. One molecule 
of ordinary protein consists of several hundred 
monomers—amino acids, liacli type of protein 
is distinguished from some other by a set of 
amino acids and the order in which their mole¬ 
cules are arranged in space. Out of a large 
number of possible amino acids only twenty 
are relatively widespread in living organisms. 
Their composition is presented in Table 3. 
The average molecule of protein consisting 
of 100 molecules of amino acids, can yield 
20 100 combinations of structures, which mar¬ 
kedly exceeds the number of atoms in our 
Galaxy. However, most of the living organisms 
synthesize and use less than 100 thousand 
types of protein molecules. 

The organized accumulations of an organic 
substance capable of self-reproduction and 
that represent units of heredity are called 
genes. In general they are made up of purines, 
pyrimidines, sugar, *bnd phosphate ions. The 
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TABLE 3. Amino Acids Found in Living Organisms 


Amino acid 

Chemical formula 

Number 
of atoms 

Alanine 

C,H 7 O.N 

13 

Arginine 

c.h 1b <5,n« 

27 

Asparagine 

c 4 h 8 o,n, 

17 

Asparagine acid 

c 4 h 7 o 4 n 

16 

Cysteine 

C a H ; O a NS 

14 

Glutamic acid 

C b H 0 O 4 N 

18 

Glutamine 

c 6 h 10 o.n 2 

20 

Glycine 

cX°O t N 

10 

Histidine 

c 4 h,o 2 n 3 

20 

Isoleucine 

C a H ls O a N 

22 

Leucine 

C 6 H la O a N 

22 

Lysine 

C a H 16 O a N 

25 

Methionine 

C^nOjNS 

20 

Phenylalanine 

c 9 h„o 2 n 

23 

Proline 

c b h,o 2 n 

17 

Serine 

c 3 h 7 o 3 n 

14 

Threonine 

c 4 h,o 3 n 

17 

Tryptophane 

CnH la 0 2 N 

27 

Tyrosine 

C e H u O a N 

24 

Valine 

C»H u O.N 

19 


structural formulae of purine and pyrimidine 
can be found in Fig. 1. 

The prerequisite for the existence of living 
organisms is their ability to reproduce them¬ 
selves. ,It has been established that in all 
living organisms the process of reproduction 
is governed by one and the same polymer- 
desoxyribonucleic acid (DNA). The DNA mole¬ 
cules together with the molecules of ribo¬ 
nucleic acid (RNA) that are closely related 

2 * 
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to them provide the organism with the in¬ 
formation as to how it should function. 

The DNA molecules retain the genetic code 
that imparts to the subsequent generation of 
organisms all that is necessary for metabolism, 
growth and reproduction. All the genetic 
information is contained in the sequence of 
chemical groups that are situated within 
a DNA molecule along the whole of its length. 
DNA consists of two chains of molecular con¬ 
structions that are twisted around each other, 
thus forming a closed double spiral. 

In accordance with the data furnished by 
genetics and molecular biology, all the living 
beings on our planet (fish, birds, plants, and 
other organisms) are structured, as it were, 
according to a single plan—from similar 
building blocks composed of proteins, nucleic 
acids, polysaccharides, and lipids. The set of 
chemical elements forming the structure of 
cells is on the whole rather restricted and is 
mainly determined by biophile elements. 

Since for the greater part of geological time 
the evolution of plants and animals had been 
taking place in aqueous medium the chemical 
elements dissolved in it inevitably entered into 
the composition of these organisms and in¬ 
fluenced the general process of some of the 
living processes. The same can be said of the 
present period when the relationship of a 
number of elements in the composition of 
some elements repeats, so to speak, their re¬ 
lationship in sea water. The comparison of 
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TABLE 4. The Relative Composition of Blood (or 
Tissue) of Various Animals (Na = t00) (According to 
Macallum) 


Natural object 

K 



Cl 

so 4 

Sea water 

3.61 

3.91 

12.1 

181 

20.9 

Limulus 

5.62 

4.06 

11.2 

187 

13.4 

Aurelia 

5.18 

4.13 

11.4 

186 

13.2 

Homarus 

3.73 

4.85 

1.72 

171 

6.7 

Carcharias 

5.75 

2.98 

2.76 

169 

_ 

Acanthias 

4.61 

2.71 

2.46 

166 

_ 

Gadus 

9.50 

3.93 

1.41 

150 

— 

Pollachius 

4.33 

3.10 

1.46 

138 

— 

Rana 

— 

3.17 

0.79 

136 

— 

Canis 

6.62 

2.8 

0.76 

139 

— 

Homo 

6.75 

3.10 

0.70 

129 

— 


corresponding relationships for certain ele¬ 
ments with the composition of blood or the 
soft part of the body of various animals is 
given in Table 4. 

In morphological terms the population of the 
Earth's biosphere is extremely varied. The 
size of some particular individuals fluctuates 
within markedly wide limits. Among the plants 
we can find bacteria that are measured in 
micrometres, gigantic algae ( Macrocystis ), that 
reach 300 m in length and eucalyptus the 
height of which is up to 150 m. Among 
the animals there are infinitesimal infusorians 
(tens of micrometres) and gigantic blue whales 
that are about 33 m long. Since time immemo¬ 
rial the whole living world of our planet has 
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been divided dnto animals and plants. Nowa¬ 
days, however, a profound study of the struc¬ 
ture of cellular organisms makes it possible 
to conduct a more substantial and new sys¬ 
tematization. 

The most low-organized living substances 
comprise bacteria and blue-green algae. They 
are distinguished from all other organisms 
by the absence of a true nucleus in the cell 
and a specific arrangement of DNA, which is 
situated in the cell quite freely and does not 
separate itself from the cytoplasm of the 
nuclear membrane. These organisms have 
received the name of prokaryotes because 
they have a nuclear membrane. The other 
unicellular and multicellular organisms have 
distinct nuclei surrounded by the nuclear 
membrane and that is most distinctly sep¬ 
arated from the cytoplasm. These organisms 
are called eukaryotes. In addition to the 
differentiated nucleus and cytoplasm, some 
of their representatives are characterized by 
the presence of mitochondria, while plastids 
and complex flagella are typical of a large 
number of them. 

In Fig. 2 we can see the structure of the 
unicellular representatives of prokaryotes and 
eukaryotes. The main characteristic features 
of their organization are given in Table 5. 
It occurs that the differences between prokar¬ 
yotes and eukaryotes are far more substantial 
than, for instance, between the higher plants 
and higher animals (the former and the latter 
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are eukaryotes). It is precisely the eukaryotes 
that are divided into two kingdoms—plants 
and animals. However, at present bacteria 
and blue-green algae are being excluded from 
the vegetable kingdom. At the same time 
there lias appeared a clear-cut tendency to 
single out fungi as an individual kingdom of 
living organisms. Most of the specialists in 

F si: I inn lti.i i.t/li 

(ProkiiryoiL') (fiiik.iryolrt 



Fig. 2. The structure of Prokaryotes (bacteria of 
Escherichia colt) and eukaryotes (the simplest organ¬ 
ism of Euglena) 

the held of mycology consider that the origin 
of fungi from some group of plants is hardly 
probable. What presents itself as a more ten¬ 
able argument is that fungi originated from the 
heterotrophic simplest amoeboid biflagollate 
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TABLE 5. The Difference in the Organization of 
Prokaryotes and Eukaryotes 


Main 


features 


Prokaryotes 


Eukaryotes 


Organisms 

Size 


Metabolism and 
photosynthesis 
Mobility 


Cell walls 

Organelles 

Genetic organi¬ 
zation 


Reproduction 

Cellular organi¬ 
zation 


Bacteria And 
cyanobacteria 
Small, general 
from 10 to 
100 pin. 

Anaerobic or 
aerobic 

Immobile or mo¬ 
bile moving 
with the help 
of protein flag¬ 
ellates 

Characterized 
by sugars and 
peptides 
No membrane- 
bound organe¬ 
lles 

DNA loop in cy¬ 
toplasm 


By binary fis¬ 
sion 

Monocellular 


Fungi, plants 
and animals 
Small, more of¬ 
ten large 

Aerobic 


Immobile and 
mobile 


Cellulose or chi- 
tin, but lacking 
in animals 
Mitochondria 
and chloro- 
plasts 

DNA in chro¬ 
mosomes and 
bounded by nu¬ 
clear membrane 
By mitosis or 
meiosis 

Mainly multi¬ 
cellular with 
differentiation 
of cells 


organisms. The affinity of fungi with animals 
has been substantiated by the data of pres¬ 
ent-day biochemistry. 
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Taking into account the above, it is pos¬ 
sible to regard the organic world of the bio¬ 
sphere as consisting of four kingdoms: that 
of the prenuclear organisms (prokaryotes), 
animals, fungi and plants. The most ancient 
organisms in geological history were prokary¬ 
otes. Their vital activity was morphologically 
and biochemically traced back to the forma¬ 
tions of the Precambrian period. The main 
features of genetic interrelationships between 
prokaryotes, plants, fungi, and animals are 
given in Fig. 3. 

Eukaryotes are mainly represented by plants 
and animals. Plants are immobile organisms 
(they do not have their own means of move¬ 
ment). Their cells are covered with a hard 
cellulose in the form of a coating which pro¬ 
tects them and does not allow them to move 
freely. Hence for the accumulation of nutri¬ 
tious substances plant cells mainly use the 
process of photosynthesis. Conversely, the 
cells of animals have an elastic coating. The 
animals actively move themselves in search of 
better habitats and food. It should be noted, 
however, that there exist marine forms of 
animals (sponges, corals, crinoids) which lead 
a sessile way of life and dse food in the form 
of microorganisms. 

The principal distinction between plants and 
animals lies in the means of nutrition and 
movement. It was made apparent as early as 
the Precambrian period, when the biosphere 
was inhabited by unicellular organisms. The 
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M6TAPHYTA PLANTS FUNGI METAZOA ANIMALS 



Fig. 3. Genetic interrelationships of various king¬ 
doms of animal organisms. The unicellular prokary¬ 
otes led to the formation of more complex unicel¬ 
lular eukaryotes which gave rise to three kingdoms 
of multicellular organisms: plants, fungi and animals 
(according to Robert H. Whitteker) 
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number of animal species is approximately 
four times greater than those of plant organ¬ 
isms, i.e. the animal kingdom of our planet 
is more varied than the vegetable kingdom. 

According to the number of species insects 
preponderate among the animals. This is the 
most numerous class of invertebrates and com¬ 
prises over one million species. The overall 
relationship of the number of various species 
of animals is presented in Fig. 4. It becomes 
quite obvious that the number of species of 
insects markedly exceeds the number of species 
of any class of living organisms. However, 
in accordance with the data provided by ento¬ 
mologists, the number of specified insects 
within the confines of biosphere is the same as 
those that have not yet been taken into ac¬ 
count. Since insects reproduce very rapidly, 
it is quite evident that they represent a power¬ 
ful biological and geochemical factor. Ap¬ 
proximate estimates have revealed that our 
planet is inhabited by minimum 10 s billion 
insects, i.e. there are 250 million represen¬ 
tatives of this class per human being on Earth. 

The next species in number are the mollusks; 
but they are considerably fewer than.insects. 
According to the number of species the verte¬ 
brates hold the third place, and among them 
the most developed class is that of mammals 
which comprise its tenth part. About fifty 
percent of the vertebrates are accounted for 
by the fish. Thus, if with the arthropods the 
most intense formation of species took place 
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on land, and predominantly among the in¬ 
sects, the most favourable possibilities of this 
kind for the vertebrates found their expression 
in the aqueous medium. 



Fig. 4. The numerical relationship of animal species: 
1 — chordates; 2 — mollusks; 3 — arthropods (a — insects, 
b — spiders, c — crustaceans); 4 — worms; 5 — unicellular 
organisms; 6 — others 


Among the plants more than half of the spe¬ 
cies are made up of angiosperms, which emerged 
in the recent geological past mainly on 
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the surface of land. Their development was 
most closely connected with the evolution of 
insects which functioned as pollinators. Among 
the mammals the greatest number is accounted 
for by the rodents. In their development they 
too were connected with angiosperms. 

As far as species are concerned the organic 
world of land is more varied than that of the 
aqueous medium. If the number of species of 
land animals is equal <to 93%, the marine 
animals comprise only 7%. Among the plants 
we find a similar relationship: 92% are ac¬ 
counted for by the land forms and the marine 
ones comprise only 8%. It is quite obvious 
that the exit of organisms to the land opened 
up wide possibilities for their progressive 
and accelerated evolution. It must be admit¬ 
ted, however, that this process had a selective 
character. If we don't take the ancestors of 
vertebrates into account, we may assume that 
of the three types of animals there were only 
six classes that inhabited the land. Meanwhile, 
60 classes referring to the other types contin¬ 
ued to exist in the sea. However, under these 
circumstances, the number of species of land 
organisms was far greater than that of the 
marine variety. 

Within the confines of the Earth’s entire 
biosphere and its components there isn't 
a single substance that could live in total iso¬ 
lation. The change in the environment can 
disrupt the equilibrium between itself and the 
ecological system and sometimes deter- 
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mines substantial changes within this system. 

Living organisms are characterized hy a 
marked variety within land and sea. The living 
population of the sea is distributed at different 
depths. A part of the ocean's littoral zone 
from the shore to the depth of 200 m is called 
the shelf. Depending on the degree of turbidity 
and the presence of suspended particles the 
solar light can penetrate into the depths be¬ 
tween 80 and 200 m. It is quite natural, then, 
that in this zone there can exist photosynthes- 
izing plants, predominantly algae, that pro¬ 
duce a great amount of nutritive substances 
which serve as food for marine animals. Further 
to the middle regions of the ocean there is a 
continental slope and an abyssal zone which 
the sunlight does not reach, and where the 
number of organisms is considerably on the 
decrease. Depending on the place of habitat 
and means of movement the living population 
of the sea is divided into plankton,, nekton, 
and benthos. 

The microscopic free-swimming organisms 
that are suspended in water comprise plankton, 
which is divided into phytoplankton, con¬ 
sisting of plants, and zooplankton, which 
includes very small marine animals. The ani¬ 
mals that actively move in water form nekton. 
The largest animals of nekton are the whales, 
dolphins and sharks. Nekton also includes 
the so-called bony fishes which feed on the 
abundant plankton. The living organisms in¬ 
habiting the sea floor preponderantly within 
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the region of the sublittoral zone, make up 
what is known as benthos, which is classified 
into the sedentary (algae, sponges, corals) and 
mobile (mollusks, crustaceans, echinoderms, 
etc.) varieties. In the abyssal zone of the dark 
depths of the ocean there exist some bacteria 
and several types of saprophytic fungi. The 
animals in this zone feed at the expense of 
what is left of plankton organisms that go 
down from the illuminated zone. According to 
the current data there are no such depths in 
which there would be no life at all. Even in 
the deepest Mariana Trench (measuring 
11 022 m) it was possible to discover and pho¬ 
tograph crustaceans and other animals. The 
distribution of marine population is given in 
Fig. 5. 

On the surface of Continents various ecolog¬ 
ical systems do not always lend themselves 
to a clear-cut distinction, and it is not infre¬ 
quent that one of them is superimposed upon 
the other. It is only the zonal and latitudinal 
character of the distribution of vegetation 
that has the most expressive form of mani¬ 
festation. In principle, these zones repeat 
themselves in mountain systems, where from 
the foot of the mountain to its peaks there 
occurs an alteration of plant belts from ther¬ 
mophilic forms to woods of coniferous trees, 
Alpine Meadows and perennial snow. There 
are numerous deviations from the general 
latitudinal character that is typical of the 
distribution of vegetation. In a large number 
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of cases the distribution of vegetation depends 
on the changes of climate caused by the prox¬ 
imity of warm sea currents, location, the 
altitude of the place and other factors. In 
general, the settling of animals is connected 
with the plant zones, though it cannot be but 
mentioned that it is the birds migrating in 
the mass every season that have the most spa¬ 
cious habitats. 



The Antiquity of Life on the Earth 


The development of geology for the 
past three centuries gives us every 
right to assert that no deposits have 
ever been found on our planet in 
which there were no traces of life. 
Furthermore, even the indirect data 
make it impossible for us to assume 
its absence from the given geological 
phenomena. 

V.I. Vernadsky 

The antiquity , of life on our planet refers to 
highly complicated problems pertaining to the 
evolution theory of organisms and is directly 
connected with the problem of the origin of 
life itself. 

As far back as 1861 one of the outstanding 
physicists of the nineteenth century the En¬ 
glish scientist William Thompson Kelvin on 
the basis of the theory of heat conductivity 
estimated that the Earth's age was equal to 
approximately 24 million years. In his opi¬ 
nion, within such a short period of time the 
process of the overall biological evolution by 
means of natural selection could not possibly 
have taken place. W. Kelvin opposed the 
views expounded by Charles Darwin. The 
great naturalist acknowledged that the cal¬ 
culations made by the physicists of those days 
concerning the age of our planet proved to be 
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a serious hindrance for the development of the 
theory of evolution. Much later, in connection 
with the discovery of radioactivity and the 
use of this phenomenon for the estimation of 
geological time, it occurred that W. Kelvin’s 
calculations were untenable as well as his 
criticism of Darwin’s principles. 

The data provided by radiological methods 
have most considerably increased the duration 
of geological time which is required for a com¬ 
plete manifestation of natural selection in the 
process of biological evolution. The words of 
J.B. Lamarck have been confirmed. As early 
as the beginning of the nineteenth century, 
he wrote, that time has no relevance to Nature 
and has never presented it with any problems. 
It has always been amply at Nature’s disposal 
and has served it as a means not restricted by 
any limits. With its help Nature creates 
things that are sublime as well as those that 
are down-to-earth. 

The authors of various hypotheses concerning 
the origin of life on Earth assumed that in 
the course of a very long period of time the 
planet was lifeless and on its surface there was 
taking place an abiogenetic synthesis of organic 
compounds which resulted in the formation of 
the living matter. As far back as 1924 in his 
first publication devoted to the problem of the 
origin of life Academician A. I. Oparin wrote 
about a continuous existence of lifeless Earth 
that emerged from the incandescent gas of solar 
composition. In 1963 he repeated his thesis, 

3 * 
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saying that at that time only the inorganic 
forms of the movement of matter were typical 
of the Earth. In addition to this, everything 
that was taking place on its surface was wholly 
conditioned by the laws of physics and chem¬ 
istry. 

We can find similar concepts with other re¬ 
searchers too. Thus, in 1967 John Bernal 
wrote that chemical evolution could have 
continued for the 2 billion years which pre¬ 
ceded the organic evolution. In a very interest¬ 
ing monograph ‘The Origin of Life by Natural 
Causes’ of the Dutch scientist M. Rutten it 
was pointed out that the emergence of life 
should have covered, according to our stan¬ 
dards, an enormous span of time, that the de¬ 
velopment was progressing at so slow a rate 
that it is practically impossible for us to 
imagine it. 

However, there also existed other concepts 
about the extraordinary duration of the exis¬ 
tence of life on our planet. They were elaborated 
by such prominent Soviet scientists as 
V.I. Vernadsky, L.S.' Berg, and L.A. Zenke¬ 
vich. In 1947 L. S. Berg, in particular, wrote: 
‘In reality, three or four billion years could 
hardly have been enough for the origin of life 
on Earth; moreover, for the Earth to give rise 
to the whole variety of organic world that 
we see today. Let us not forget that the evo¬ 
lution of only one subtype of animals—the 
vertebrates—took about half a billion years. 
How much time then would it have been nec- 
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essary for the formation of mollusks, arthro¬ 
pods, worms and others? What period of time 
would nature have required for the production 
of a group of unicellular organisms that in¬ 
clude not only several types, but also animals 
and plants? How much time would have been 
needed for a shapeless clump of living matter 
to acquire the primary forms of a developed 
organism?'. L. A. Zenkevich considered that 
the evolution of the organic world should have 
covered no less than 10 billion years. 

In order that the tenability of all these 
statements could be properly evaluated, it 
is necessary to get to the bottom of the more 
recent geological data concerning the actual 
traces of the vitality of organisms in the 
remote past of our planet. This requirement 
is made even more imperative since outstand¬ 
ing achievements have been attained in this 
branch of science within the past twenty 
years. 

According to the extent to which the history 
of the earth's crust has been studied in geo¬ 
logical and paleontological terms it is divided 
into two irregular parts. The younger period of 
time covering the latest 570 billion years has 
been studied rather well. The American geolo¬ 
gist C. Schuchert called it the Phanerozoic eoin 
(Gk phanerds —visible and zoe— life). This geo¬ 
logical period includes the Cenozoic, Mesozoic, 
and Paleozoic eras. The second part—the 
one that is more ancient and prolonged— 
received the name of Cryptozoic eon (the period 
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of the concealed development of life). It 
covers an enormous interval of time, which 
goes back to 4600-570 min years. In most cases 
the organisms of the Cryptozoic period did 
not have a hard skeleton and left only sparse 
traces of their existence. 

Geological and paleontological records are 
closely interwoven. In the sedimentary masses 
of different age we can find fossil remains of 
animals and plants. However, the early 
stages in the development of Earth are not 
registered in the stone documents of the geo¬ 
logical records since the primary rocks were 
destroyed by the subsequent geological pro¬ 
cesses, and the traces of the initial forms of 
organisms disappeared likewise in the course 
of the development of the upper layers of the 
planet. Academician B.S. Sokolov (1979) 
pointed out that the transition from chemical 
to biological evolution would never be strictly 
documented by paleontologists and paleobio- 
chemists, i.e. give the answer to the most dif¬ 
ficult question when and how life had emerged. 
Nevertheless the data from paleontology and 
other sciences make it possible to approximate¬ 
ly evaluate the antiquity of life. 

Traces of the existence of organisms that 
lived in the past can be divided according to 
morphological, biochemical and isotopic-geo- 
chemical features. 

Morphological remains are the ones that are 
most evident. They find their expression in the 
natural mummification of remnants, petri- 
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fications, and imprints. Though natural mum¬ 
mification most fully preserves the organism, 
it is nevertheless rare and is found to be char¬ 
acteristic of the youngest geological forma¬ 
tions. 

What is often left after the organisms have 
perished is their skeletons. However, the soft 
parts of the body too can become petrified. 
Sometimes they consist of chitin, hut most 
often they are formed of inorganic substances. 
In addition to this, various mineral substances 
that are found in aqueous solutions penetrate 
into the body of the decayed organism and 
replace the substances that had initially 
made up of the organic remains, which proved 
to be unstable. Besides the remains of ani¬ 
mals, the process of fossilization can also be 
undergone by the remains of plants, when 
their tissues, and xylem in particular, are 
replaced by silica. Under different circumstan¬ 
ces, when there is a certain lack of oxygen, the 
stems and stalks are transformed into coal, 
while leaves become carbonaceous films. Micro¬ 
organisms are also subjected to the analogous 
processes of fossilization. But this occurs 
only in exclusive conditions when their re¬ 
mains are buried and preserved in either finely- 
dispersed sediments or the colloidal deposits 
of silica. There are instances when microfos¬ 
sils are well preserved, with a clear-cut image 
and find their analogs among the present-day 
microorganisms. At the same time it should 
be noted that the interpretation of micro- 
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scopic samples is connected^ with difficulties 
that are by far not always of the same kind. 
Microfossils have been discovered in very old 
deposits the age of which is up to 3.5 billion 
years. 

Morphological remains make it possible to 
restore the ancient forms with maximum ac¬ 
curacy and conduct their systematization in 
the same way as it is done for the contemporary 
forms of plants and animals. 

The biochemical traces of the existence of 
ancient organisms are represented in the form 
of the most stable chemical compounds in the 
sedimentary rocks of the earth's crust. On 
the whole an organic substance of biological 
origin is widely distributed in various rocks. 
Its major part is found to be in a dispersed state. 
The concentrated organic substance in the 
form of coals, pyroschists and oils in general 
comprise a small part in relation to the dis¬ 
persed substance. If the mineralization of the 
remains of plants does not take place and their 
tissues are relatively well preserved, then the 
process of carbonization occurs. According 
to some estimates the amounts of dispersed 
organic matter of biological origin exceeds 
that of the concentrated variety by approx¬ 
imately 300 times. What enters into the organic 
substance of the earth’s crust in different pro¬ 
portions includes carbohydrates, hydrocarbons, 
proteins, fats, and amino acids. In their main 
mass they are soon transformed into a humic 
substance. In general over 500 organic com- 
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pounds have been established in rocks. 

In the fossils of organic accumulations the 
amino acids reflect the former presence of 
protein bodies. Most of the amino acids have 
only one asymmetrically arranged atom of 
carbon in the molecule, which leads to the 
formation of two possible optical isomers: 
D (right) and L (left) that rotate the light 
beam which passes through them. The amino 
acids of biological origin that are found in 
terrestrial geological objects are represented 
by L-isomers. Meanwhile, the amino acids 
synthesized by inorganic means, represent 
mixtures of optical D- and L-isomers in equal 
quantities and hence optically non-active. 
In general, a large number of organic com¬ 
pounds of rocks of different geological age 
reveal optical activity, which serves to prove 
their biological origin. The principal sources 
of these organic compounds of biological origin 
were plant remains, as the products of photo¬ 
synthesis, that had existed before in various 
zones of ancient water bodies in the form of 
phytoplankton. 

The study of the organic substance of an¬ 
cient rocks does not enable us to determine 
what were precisely the types of plants that 
served as the source of their formation. This 
particularly concerns the most ancient, or 
Precambrian deposits. Hence, the biochemical 
traces of the existence of living organisms on 
our planet can only in general indicate the 
presence of life itself in a given geological 
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epoch. In the process of metamorphism of rocks 
a part of the organic matter is transformed 
into graphite, which is found in ancient Pre- 
cambrian rocks—gneisses and schists—in the 
form of interlayers and inclusions. Sometimes 
in graphites of this kind we find the remains 
of organic matter in small quantities. One 
of the tangible achievements of organic geo¬ 
chemistry of the past two decades has been 
the fact that carbon compounds of biogenic 
origin were established in more ancient sedi¬ 
mentary rocks. 

A particular place in modern geochemistry 
is attributed to isotopic methods of research 
which make it possible to determine the traces 
of the vital activity of organisms in most 
ancient metamorphosed rocks of the Cryptozoic 
period. In the process of vital activity and in 
the case of the metabolism with the environ¬ 
ment the isotopic composition of biophile 
elements, in particular, such as sulphur and 
carbon, undergoes alteration. This was pre¬ 
dicted by V. I. Vernadsky. Nowadays the 
fractional character of isotopes in the course 
of biochemical processes has been established 
experimentally. 

The estimates of the isotopic composition 
of sulphur from the Early Precambrian for¬ 
mations of the USSR, North America, and 
South Africa have revealed the fractionation 
of its isotopes which finds its expression in the 
fluctuations of the ratio a2 S/ 34 S. The general 
regularity of the fractionation of the isotopes 
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of sulphur in the biosphere consists in that 
the content of the lighter isotope 3Z S is in¬ 
creased in its sulphide forms (associated with 
the formation of hydrogen sulphide H s S in 
water bodies) as compared with its sulphate 
forms (CaS0 4l BaS0 4 and others) in which 



Fig. 6. The main paths of geochemical circulation of 
carbon in the biosphere 

the proportion of the heavy isotope of sulphur 
M S is relatively greater. The isotope shift of 
sulphur between sulphides and sulphate? testify 
to the bacterial sulphate-recfuction in ancient 
water bodies. 

What is most important as regards the dis¬ 
covery of the ancient traces of life is the data 
concerning the isotopic composition of car¬ 
bon. Within the circulation process of this 
element in the planet's biosphere, connected 
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with living matter, there takes place the 
shifting of isotopic ratios 12 C/ 18 C. The main 
paths of geochemical circulation of carbon are 
given in Fig. 6. The initial stage of this cir¬ 
culation is characterized by the emission of 
C0 2 from the pallial depths as a result of 
volcanic processes. What is further added to 
it is C0 2 under the thermal decomposition of 
limestones in conditions of metamorphism. 
Then C0 2 is distributed between the atmo¬ 
sphere and hydrosphere and migrates along 
the two paths with the approximate pro¬ 
portion being 4:1. 

The first path is connected with the format¬ 
ion of a complex carbonate system between 
the atmosphere and hydrosphere: 

C0 2 - (COj) + [HjC0 3 1 + IHCO,]- 1 + IC0 3 ]*- 

At last CO a is combined with Ca and Mg 
in sea water and thus forms limestones that 
are predominantly in the form of skeletons 
of marine organisms. 

The other path of C0 2 migration in the bio¬ 
sphere is expressed in its absorption by the 
green plants in the process of photosynthesis 
with the formation of organic substances and 
the release of free oxygen. In general terms 
this can be formulated as follows: 

nC0 2 + nH 2 0 — n (CH 2 0) + n0 2 

The process of photosynthesis leads to the 
fixation of carbon in an organic substance. 
One part of it is oxidized with the formation 
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of C0 2 in conditions of the Earth’s surface, 
while the other is buried in the deoxidizing 
medium. 

Along these main paths of geochemical 
migration there takes place the fractionation 
of its isotopes. For instance, in marine lime¬ 
stones the content of the heavy isotope of 
carbon 13 C is increased, which is also typical 
of calcite and aragonite shells of marine 
organisms. Thus, the isotopic relationship 
of 12 C/ 13 C in marine limestones is established 
within the limits from 88.2 to 89. During the 
process of photosynthesis, however, the relative 
content of isotope 13 C is reduced since the rate 
at which the light molecule 12 C0 2 is captured 
is higher than that of the molecule 19 C0 2 - 
Hence, the ratio 12 C/ 13 C for plants and their 
remains is found to be within the range of 
90-92. The isotopic composition of the carbon 
of plants is inherited by the carbon of animals 
which feed themselves on plants. It is inter¬ 
esting to observe that the isotopic compo¬ 
sition of graphite from the ancient Precam- 
brian metamorphic rocks corresponds to the 
carbon of plants—the products of photo¬ 
synthesis. 

The most ancient rocks, mainly the meta¬ 
morphic ones, are deposited in the Precam- 
brian shield on practically all the continents 
of the Earth. The age of their oldest parts 
which is determined by various radiological 
methods is estimated to be equal to 3.8-3.5 bil¬ 
lion years. To some extent they are associated 
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with the traces of life in the^ ancient period. 
The old rocks have been found and studied 
in North America, Western Greenland, North¬ 
ern Norway, South Africa, and Western Austra¬ 
lia. According to the data of lead-isotope 
method, the oldest minerals are the detrital 
zircons the age of which is 4.2-4.1 billion 
years. However, they are found in the second¬ 
ary strata of the Archean limestones in Western 
Australia, and their root source remains un¬ 
known. 

The most ancient and morphologically prop¬ 
erly expressed traces of life in the Precam- 
brian period are considered to be stromato- 
lithes. They represent biotherms that emerged 
on the floor of the shallow water bodies and 
that have either a convex or uneven surface 
as well as complicated lamination. The lami¬ 
nated formations are most often created by 
the calcium and carbonate as a result of blue- 
green algae and bacteria activity. Stromato¬ 
lites were studied most elaborately by the 
Soviet paleontologist A.G. Vologdin (1896- 
1971), who described a large number of these 
forms from the Precambrian sections of the 
USSR. Stromatolithic structures revealed the 
presence of microfossils. For this reason there 
can hardly be any doubt now that stromato- 
lithes are characterized by biogenic origin. 
The oldest stromatolites were discovered in 
the Warrawoona series in the section of the 
Precambrian block of Pilbara Plateau in West¬ 
ern Australia. Their age is 3.5 billion years. 
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In South Africa, in Central Transvaal, an¬ 
cient rocks of the Swaziland series become 
exposed, which includes the systems of the 
Fig Tree and Onvervacht. In the black schists 
of the Fig Tree system' microscopic analysis 
made it possible to observe bacterial forma¬ 
tions of the size of 0.56 x 0.24 pm, which were 
called Eobacterium iso latum by £. Barghoorn. 
The spheroidal dark-coloured organic bodies, 
which in terms of general morphology are 
compared with some of the contemporary 
unicellular algae, have been found in the 
formation of black schists in the very same 
places. 

In Onvervacht system complex organic com¬ 
pounds of fatty acids and isoprene hydrocar¬ 
bons have also been discovered. Out of the 
rocks pertaining to this system algal forms 
have not infrequently been described in terms 
of morphology. They represent spherical mi¬ 
nute bodies whose diameter usually ranges 
from 6 to 20 pm. The largest of the ones that 
have been discovered have the diameter of 
200 pm. They resemble the analogous forma¬ 
tions of the superimposed Fig Tree series in 
the same region and of the Gunflint suite in 
the Precambrian North America. The biolog¬ 
ical origin of the given forms raises no doubts 
since they are associated with the isoprene 
hydrocarbons, which are the products of 
photosynthesis and are widely distributed 
in the deposits of the younger geological 
epochs. Data on the isotopic composition have 
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revealed an appropriate coincidence with the 
data concerning oils, coals and dispersed 
organisms. This substance is presumably con¬ 
nected with the activity of the primitive bac¬ 
terium-like autotrophs. The age of Onvervacht 
suite is estimated at 3.44 billion years. 

The determinations of the isotopic compo¬ 
sition of sulphur in different mineral associ¬ 
ations of the early Precambrian formations of 
the USSR, South Africa and North America 
have revealed the fractionation of isotopes 
caused by the activity of sulphate-reducing 
bacteria. In weakly metamorphosed ferrugi¬ 
nous formations of the Ontario province in 
Canada the isotopic distribution between sul¬ 
phates and sulphide mineral forms of sulphur 
comprise from +20 to —2°/oo- This serves to 
prove the energetic sulphate-reducing activity 
of bacteria in water bodies where iron was 
accumulated 2.7 billion years ago. However, 
the research of the more ancient rocks from 
the Isua section in Greenland did not show 
any substantial distribution of the isotopes 
of sulphur in sulphides and sulphates, the 
fact which show the absence of bacterial re¬ 
duction of sulphates. The first isotopic evi¬ 
dences of the reduction of sulphates were 
established in the Upper Archean of the Aldan 
shield in Siberia (about 3 billion years ago) 
and in the banded ferruginous formations of 
Women River in Canada (approximately 
2.8 billion years ago). In the opinion of the 
West German geochemist M. Schidlowski the 
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sulphate ion SO* - , which is absorbed by the 
first sulphate-reducing organisms, must have 
emerged as a result of the oxidation of the 
reduced compounds of sulphur by photosyn- 
thesizing sulphur bacteria. Therefore, it is 
possible to imagine that photosynthesis—a 
process that releases free oxygen into the 
biosphere of the planet—chronologically pre¬ 
ceded the emergence of the bacterial reduction 
of sulphur in ancient Precambrian water 
bodies. 

The scientific study of the isotopic compo¬ 
sition of carbon as an indicator of the anti¬ 
quity of photosynthesis, and consequently, 
the antiquity of the biosphere itself, is of 
paramount importance. M. Schidlowski and 
his colleagues conducted numerous estimates 
of the isotopic composition of the carbon 
samples of carbonaceous and other rocks of 
the ancient Isua supracrustal complex. By 
means of radiological methods the age of rocks 
belonging to this complex was estimated as 
3.8 billion years. 

According to the data C ca rb and C org were 
present and migrated in the Earth’s ancient 
biosphere in proportion that on the whole is 
very much the same as that of today. The car¬ 
bonate carbon and the carbon of organic origin 
initially possessed isotopic relationships that 
were close to what is nowadays typical of 
corresponding sedimentary rocks. Thus, the 
commonly known biogeochemical cycle of 
carbon connected with the photosynthesis in 

4-0669 
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the biosphere was essentially stabilized over 
3.8 billion years ago. 

Since photosynthesis results in the release 
of free oxygen it is quite natural that the 
traces of ancient biosphere should reflect the 
processes of oxidation determined by this 
element. This can be evidenced by the fact 
that in the Isua section banded ferruginous 
quartzites that were widely spread in the 
Precambrian period have been discovered. 
They refer to the oxidized facies of iron-ore 
formations and actually reflect the presence of 
free oxygen. However, there was not yet enough 
of the free oxygen proper in the Earth’s atmo¬ 
sphere since in the biosphere it was expended 
in great quantities on the oxidation of a large 
number of substances, including the volcanic 
gases (GO, H a S, S a , SO a ) and all the forms of 
divalent iron. In general, the amount of free 
oxygen in the atmosphere of the early Pre¬ 
cambrian period was the result of the con¬ 
frontation of two opposite trends: biological 
productivity and inorganic absorption. The 
presence of an enormous amount of unoxidized 
substances in the hypergene zone of the Pre¬ 
cambrian period led to the progressive ab¬ 
sorption of free oxygen together with the 
oxidation of volcanic gases. 

The great antiquity of the Isua geological 
section had interested many researchers. Ac¬ 
cording to the latest data petrol and naphthene 
compounds were disebvered in the graphitic 
inclusions of the ancient rocks, with the iso- 
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topic relationship of 12 C/ 13 C corresponding 
to the carbon of photosynthetic (biological) 
origin. From the information provided by 
G. Pflug we now know that formations of 
other Precambrian rocks of younger geological 
age have also been found in the Isua quart¬ 
zites. However, the biological nature of these 
formations proper has not yet been proved. 
Their interior parts are filled with hydroxides 
of iron. 

Thus, in accordance with the data of geo¬ 
chemical research of the most ancient rocks 
it becomes possible to come to the conclusion 
that the evolution level of photoautotrophic 
life was reached 4.55-4 billion years ago. 

The study of the rocks in the section of the 
Isua region enabled the scientists to come up 
with the assertion that photoautotrophic bio¬ 
sphere existed on our planet not less than 
4 billion years ago. But what we know from 
the data provided by cytology and molecular 
biology is that photoautotrophic organisms 
were secondary in the process of the evolution 
of living matter. In Fig. 7 we have the basic 
stages in the evolution of matter (the forma¬ 
tion of primary cells, and then the photosyn- 
thesizing organisms). The autotrophic means 
of the .nutrition of animal organisms had to 
precede the heterotrophic variety of the same 
since it was much more simple. The auto¬ 
trophic organisms which build their body at 
the expense of inorganic mineral substances 
are characterized by a later origin. It was the 
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prominent Soviet biologist A. A. Zavarzin 
(1886-1945) who was the first to point that the 
contrastive study of energy processes in con¬ 
temporary organisms made it possible to infer 
that the oxidizing processes (breathing) had 



Fig. 7. The main stages in the evolution of matter 


a secondary origin. The first processes that 
relieve energy in the earliest formed substances 
were the processes connected with the mole¬ 
cular rearrangements, the analogous processes 
of fermentation. It follows then that at the 
beginning there had to emerge heterotrophic 
organisms with intramolecular breathing, or 
those that did not require any free oxygen. 
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Most probably only after a complex evolution 
of a particular activity there appeared sub¬ 
stances that used solar radiation for the accu¬ 
mulation of C0 2 and H 2 0. 

Thus, the organization of the living matter, 
on the basis of which the contemporary cells 
originated, had already advanced to a con¬ 
siderable extent before the autotrophic organ¬ 
isms emerged. In general it appears to be an 
irrefutable fact that the autotrophic nutrition 
calls for a far more complex organization than 
the heterotrophic metabolism of substances. 

There is some reason to believe that the 
most ancient life existed in the form of hete¬ 
rotrophic bacteria which received food and 
energy from the organic material of abiogenic 
origin that had been formed even earlier. 
From what has just been said it is not difficult 
to imagine that the beginning of life as such 
receded still further, beyond the limits of 
stone records of the earth’s crust, i.e. more 
than for 4 billion years in the past. 

Taking into consideration the above it is 
quite easy to arrive at the general conclusion 
that the life on Earth has existed as long as 
our own planet. This conclusion based on the 
new scientific material should be regarded 
as an empirical generalization. It is wholly 
congruous with the concepts of V.I. Vernad¬ 
sky who over fifty years ago wrote: 4 It has 
empirically been established that life on 
Earth existed in the most ancient accessible 
deposits known to us on our planet. On the 
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other hand nobody of us has ever found in the 
biosphere rocks which would give us some 
idea concerning their origin within the time 
when the living matter was absent. Even such 
massive rocks as those of the volcanic and 
plutonic varieties, bear in themselves most 
evident traces of the existence of living matter 
in conditions pertinent to their formation. 

And as the consequence of this empirical 
conclusion the American geologists had every 
right to introduce recently the concept of the 
Cryptozoic eon, i.e. the most ancient and pro¬ 
longed period in the geological history of our 
planet with no overt manifestation of life. 
Thus, empirically, we have failed to find 
any indications as to the period when the 
living matter did not exist on our planet. 
Life on it has been geologically perennial’ 
(Vernadsky, 1965]. 

The period of evolution of the largest groups 
of organisms is given in Fig. 8. In the opinion 
of the Soviet microbiologist G.A. Zavarzin 
[1984], the data on the time of the emergence 
of the most ancient prokaryotes make it pos¬ 
sible to consider that life originated in space 
rather than within the confines of the Earth. 
Thus, from the present-day state of the art it 
becomes clear that the problem of the origin 
of life is also becoming a cosmochemical prob¬ 
lem and not only that which can be treated 
solely in biological and biochemical terms. 

In the light of new data there inevitably 
follows the conclusion concerning the earliest 
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origin of life within the confines of the Solar 
system. The chemical evolution as a substan¬ 
tial prerequisite for the biological evolution had 



already begun in space conditions prior to the 
formation of the Earth. In this connection the 
task before us consists in establishing how the 
closest predecessors of life emerged in the 
process of formation of Solar system itself. 
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I cannot but wonder how this incred¬ 
ibly complex mechanism is still 
functioning at all. Thinking of life 
one clearly sees our science in the 
poorest and most primitive light. 
The properties of living matter are 
most probably predetermined by the 
fertilized cell in the same way as 
the prerequisite of life itself consists 
in the existence of an atom and, 
consequently, the mystery of every¬ 
thing that existing can be found in its 
lowest stage of development. 

A. Einstein 

The interrelationship of the embryos of life 
and its predecessors—the highly molecular 
compounds of carbon—presents a scientific 
task of the first importance. The first experi¬ 
ments of Louis Pasteur, which he carried out 
in the second half of the nineteenth century, 
showed that the origin of life, or the simplest 
living organisms, in the contemporary con¬ 
ditions of the Earth was impossible. To some 
extent it had led to the emergence of the 
theory of panspermia* according to which 


* Panspermia (from Greek meaning mixture of 
elements)—the ancient study of the overall propaga¬ 
tion in the universe of perennial and consistent em¬ 
bryos of life. Its author is the ancient Greek philos¬ 
opher Anaxagoras (500-428 BC). 
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life had never originated on Garth, but was 
brought to it from space, where it existed 
in embryonic forms. The most typical pro¬ 
ponents of these concepts were H. Helmholtz 
and S. Arrhenius, though similar ideas were 
earlier expounded by J. Liebig. According to 
S. Arrhenius, the particles of living matter- 
spores or bacteria—that have descended upon 
the microarticles of cosmic dust are trans¬ 
ported from one planet to another by the force 
of light pressure, thus preserving their vital 
activity. When the spores reach a planet with 
appropriate conditions of life, they grow into 
it and give rise to biological evolution. 

In somewhat different forms these concepts 
are regenerated today. F. Hoyle, for instance, 
put forward the idea concerning the possi¬ 
bility of the existence of microorganisms in 
the interstellar space. His idea is that the 
clouds of cosmic dust are mainly composed of 
bacteria and spores. It is assumed that in 
the time interval covering 4.6-3.8 billion years 
ago, the Earth could have experienced two 
possible events, viz. either the origin of life 
on the planet itself or the introduction of mi¬ 
croorganisms from outer space. In 1981 
F. Hoyle and N. Wiekrdmasinghe expressed 
their opinion that the latter could have been 
more probable. According to their estimates, 
the Earth’s upper atmosphere annually receives 
10 18 cosmic spores as the residue of the hard 
material that is dispersed in the Solar system. 
Thus, comets may well be regarded as trans- 
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porters of the embryos of life, which were formed 
earlier in the interstellar space and only 
then got into the Oort’s cloud. 

What should be mentioned here is the ex¬ 
treme irreality of those concepts that cannot 
be correlated with the well-known experi¬ 
mental data. However, there is no doubt that 
life is certainly connected with space in terms 
of atomic composition and energy. This can 
be seen in Table 6, in which we have the values 

TABLE 6. The Composition of the Abundance of 
Elements in Atomic % (According to Deleemme, 1981) 


Ele¬ 

ment 

Cosmic 

Inter¬ 

stel¬ 

lar 

Vola¬ 
tile 
frac¬ 
tion of 
comets 

Bac¬ 

teria 

Mam¬ 

mals 

H 

76.5 

55 

56 

63.0 

61.0 

0 

0.82 

30 

31 

29.0 

26.0 

C 

0.34 

13 

10 

6.4 

10.3 

N 

0.12 

1 

2.7 

1.4 

2.4 

S 

0.0015 

0.8 

0.3 

0.06 

0.13 

P 

0.00002 

— 

— 

0.12 

0.13 

Ca 

0.002 

— 

— 

— 

0.23 

H/O 

14.000 

1.8 

1.8 

2.2 

2.3 

C/O 

0.64 

0.43 

0.32 

0.22 

0.40 

N/O 

0.12 

0.03 

0.08 

0.05 

0.09 


of the relative distribution of elements in 
space, in the volatile fraction of comets, bac¬ 
teria and mammals. Our attention cannot 
be but drawn to a marked closeness, and in 
some cases even the equivalence of space sub- 
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stance and the living matter of the Earth. 
The main elements of living matter are the 
widely spread elements of space. It should 
also be added that H, C, N and 0—the typi¬ 
cally biophile elements—are the ones that 
are most lavishly spread in nature. 

It is not difficult to infer that the living 
organisms use in the first place the most 
accessible atoms, which are furthermore ca¬ 
pable of forming stable and multiple chemical 
bonds. It is common knowledge that carbon 
can give rise to the emergence of long chains, 
which leads to the origin of innumerable poly¬ 
mers. Sulphur and phosphorus can also form 
multiple bonds. Sulphur enters into the com¬ 
position of proteins, while phosphorus forms 
a constituent part of nucleic acids. 

In the appropriate conditions the most wide¬ 
ly spread atoms are combined with each 
other, thus forming molecules, which are 
found in space clouds by means of currently 
employed methods of radio astronomy. Most 
of the known space molecules refer to the 
organic variety, including the complex ones 
of 8- and 11-atom type. Thus, as regards the 
composition the cosmochemistry of tjie Uni¬ 
verse vast possibilities are created for various 
combinations of carbon with other elements 
according to laws of chemical bonding. 

However, the problem of the formation of 
molecules in space conditions refers to one of 
the most complicated ones of cosmochemistry. 
In the interstellar medium itself, even in its 
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densest parts, the elements are found in the 
conditions that are remote from thermody¬ 
namic equilibrium. Due to the low concentra¬ 
tion of matter chemical reactions in the inter¬ 
stellar space are highly improbable. 

Hence, an idea was put forward that par¬ 
ticles of cosmic dust take part in the formation 
of interstellar molecules. In the simplest case 
there can emerge molecules of hydrogen when 
its atoms come into contact with hard par¬ 
ticles. The most widely spread space molecules 
of CO, can probably originate in the conditions 
of stellar atmospheres when there is a sufficient 
density of the matter and then be ejected into 
outer space. 

Nowadays the role of the hard phase in the 
formation of molecules of organic substances 
is becoming ever more clear-cut. The most 
probable models of this process have been 
elaborated by J. Greenberg (19841. In the 
opinion of this scientist the particles of cosmic 
dust are characterized by a complex structure 
and consist of the nucleus that is predomi¬ 
nantly of the silicate composition, surrounded 
by a coating of organic substances. In the 
coating, presumably, there take place various 
chemical processes that lead to the compli¬ 
cation of the structure of the primary sub¬ 
stance. The structure of similar dust particles 
after the first stage of accretion is substanti¬ 
ated by means of an experimental modelling 
of the mixtures of^water, methane, ammonia, 
and other simple molecules, that are radiated 
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by ultraviolet radiation at the temperature 
of approximately 10 K. Each dust particle 
has for its origin the silicate nucleus which 
emerges in the atmosphere of the cold super¬ 
nova. Round the nucleus an ice coating is 
formed. Under the action of ultraviolet radi¬ 
ation some of the molecules of the coating 
(H 2 0, CH 4 , NH 3 ) are dissociated with the 
result that radicals, or reactive fragment of 
molecules, are formed. I'hese radicals can 
recombine and other molecules can be formed. 
As a result of a continuous radiation, there 
can emerge a more complex mixture of mole¬ 
cules and radicals (HN s HCO, HOCO, CH 3 OH, 
CH 3 C and others). When the dust particles 
are destroyed under the influence of cosmic 
factors, the compounds that were formed on 
their surface give rise to molecular clouds. 

If we concentrate our attention on the huge 
masses of molecular clouds, then we shall see 
that it is precisely they that are the main 
reservoirs of organic matter in space. However, 
the organic compounds found in them turn 
out to be relatively simple and as yet remote 
from those molecular systems, which could 
provide the necessary impetus for the begin¬ 
ning of life upon any favourable planetary 
body. 

The presence of organic substances in mete¬ 
orites should most certainly not be unheeded 
either. This is extremely important for the 
understanding of the processes related to the 
origin of highly molecular systems as the pre- 
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decessors of life. It should also be noted that 
meteorites together with their parental bod¬ 
ies—asteroids, belong to the Solar system. 
Then, the age of meteorites, according to the 
data of nuclear geochronology, is 4.6-4.5 bil¬ 
lion years, which coincides, in the main, with 
the age of the Earth and the Moon. Conse¬ 
quently, meteorites are undoubtedly wit¬ 
nesses of the formation of various chemical com¬ 
pounds, including those of organic nature, 
in the very early stages of the development 
of the Solar system. 

What was found in meteorites included hyd¬ 
rocarbons, carbohydrates, purines, and amino 
acids, i.e. those chemical compounds, which 
enter into the composition of living matter, 
thus forming its basis. They have also been 
discovered in carbonaceous chondrites and 
asteroids of particular structure and compo¬ 
sition. Asteroids chiefly move within the 
belt between Mars and Jupiter. If we go by 
the data on the cosmochemistry of comets, it 
would then be possible to assume that the 
held within which organic substances were 
formed covered a vast space within the con¬ 
fines of the greater part of the volume of the 
primary solar nebula. It is quite natural that 
in elucidating the general problem of the 
origin of life we have no right to ignore the 
data on the composition of meteorites. In 
one way or another this circumstance has 
been taken into account by different authors 
of the hypotheses concerning the origin of life. 
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Thus, we are now quite justified in regarding 
the known meteorites as the historical docu¬ 
ments, or the true witnesses of the early history 
of the Solar system, also covering the processes 
pertaining to the formation of organic sub¬ 
stances. 

Any meteorite represents a hard body, con¬ 
sisting of a number of mineral phases. The 
most important of them are the silicate (stone), 
metallic (iron-nickel) and sulphide (troilite) 
ones. Other phases are also found, though they 
are of secondary significance as far as their 
propagation is concerned. In meteorites we 
can discover various minerals the number of 
which exceeds 100; but the main rock-forming 
ones are few (olivine, pyroxene, feldspars, 
plessite, troilite, and others). In addition to 
this, meteorites have revealed 20 minerals 
that are not present in the earth's crust. They 
include carbides, sulphides and some others 
the formation of which is connected with the 
marked reduction conditions. The most essen¬ 
tial concentrations are those of carbon, which 
are associated with organic matter, in carbo¬ 
naceous chondrites. 

What is of particular importance is the 
information on organic matter in meteorites 
expounded in the works of G. P. Vdovykin, 
E. Anders, R. Hayatsu, M. Studier. The first 
who singled out the organic matter in the 
composition of meteorites was the famous chem¬ 
ist J. Berzelius, when he analyzed the car¬ 
bonaceous chondrite of the Alais Mountains 
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in 1834. The results of his analysis were so 
impressive that he himself considered this sub¬ 
stance to be of biological origin. During the 
ninetieth century chemical analyses have 
helped to discover in meteorites the presence 
of hard hydrocarbons, consisting of the com¬ 
pounds of organic substances, with sulphur 
and phosphorus. Carbonaceous chondrites, the 
greater part of the carbon of which is found 
in the form of organic compounds, were given 
a most elaborate and circumstantial treat¬ 
ment. The general content of carbon and some 
other volatile substances in carbonaceous chon¬ 
drites is characterized by the following values 
(in weight %): 

C S H a O 

Cl 2.7-5.0 5.2-6.7 18-22 

C2 1.1-2.8 2.3-3.7 8-17 

C3 0.2-0.6 1.8-2.4 0.1-1.5 

It follows that the content of carbon (as 
well as sulphur and water) is the greatest in 
carbonaceous chondrites of type Cl, and 
minimum in those of C3 type. Thus, at pres¬ 
ent there can hardly be any doubt that in 
the parent bodies of carbonaceous chondrites 
as a result of the processes of their formation 
themselves there emerged complex organic 
compounds as a regular outcome of the chemi¬ 
cal evolution of the Solar system in its early 
stages. 

The elementary chemical composition of 
carbonaceous chondrites with the exclusion 
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of volatile substances is very close to that of 
common chondrites. The principal charac¬ 
teristic features of different types of carbo¬ 
naceous chondrites consist in the following. 

Type Cl is represented by unstable black 
stones which turn into dust when we rub them 



Fig. 9. Mineral composition of carbonaceous chon- 
drite of type Cl 

Sections in the diagram are proportional to the weight 
content of minerals 


with our hands. The fine-grained mass in 
them comprises approximately 95%. What 
is impregnated in them includes chondrules 
(microchondrules), consisting of olivine and 
magnetite (the size of which is 1-50 jim). The 
mineral composition of this type of meteorite 
is given in Fig. 9. Carbonaceous chondrites 

5-0669 
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of Cl type are found to be most profusely 
enriched with the organic substances of abio- 
genetic origin. 

Type C2 covers the greyish-black stones 
that are considerably more dense than those 
of Cl. Into the main fine-grained mass, com¬ 
prising 60% of the volume, much larger chon- 
drules than the ones of type Cl are impreg¬ 
nated. Growths of primary microchondrules 
into a single crystal have been found too. 

Type C3 represents hard stones of dark- 
grey, greenish-grey and grey colour. The fine¬ 
grained mass in them takes up 35%. Chon- 
drules are fairly large and are properly ex¬ 
pressed. 

The propagation of a large number of chem¬ 
ical elements in carbonaceous chondrites of 
type Cl reveals a number of characteristic 
relationships which bring them closer to the 
matter of which the Sun consists. In other 
words, these carbonaceous chondrites represent 
a solidified solar substance deprived of light 
gases. 

The organic matter found in meteorites is 
enumerated in Table 7. As can be seen, their 
list is fairly impressive. Most of these com¬ 
pounds to a certain extent correspond to the 
universal units of the metabolism of substances 
that are known in living organisms: amino 
acids, protein polymers, mono- and polynu¬ 
cleotides, porphyrins, and other compounds. 
The proximity to the composition of organic 
complexes of biological origin proved to be so 
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TABLE 7. Main Organic Compounds Found in the 
Carbonaceous Chondrites 


Hydrocarbons 

Other compounds 

Saturated hydrocarbons 

Carbolic acids 

n-Alkanes 

Fatty acids with un- 

Alkanes with branching 

branching chain 

chain 

Benzolcarboxylic acids 

Isoprenoids 

Cycloalkanes 

Oxybenzoic acids 

Olefine hydrocarbons 

Aromatic hydrocarbons 

Nitrogen compounds 

Alkylbenzoles 

Pyrimidines 

Naphthalene 

Purines 

Acenaphthenes 

Guanilurea 

Acenaphthalenes 

Triazoles 

Phenanthrenes 

Porphyrins 

Pyrenes 

Amino acids 


great that some o! the authors even began to 
consider that in the past the living organisms 
were found directly in the meteorites them¬ 
selves. In the sixties of the present century 
the given question was most lively discussed. 
However, a thorough analysis of organic com¬ 
pounds from meteorites did not substantiate 
the presence of any optical activity, which 
serves to prove their abiogenetic origin. 

The comparison of the organic substances of 
meteoric origin with the products of artificial 
reactions of the Fischer-Tropsch type and 
the fossil organic substances of biological origin 


5* 
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reveals their marked closeness, in particular 
as far as the content of some of the hydrocar¬ 
bons is concerned. For instance, in meteorites 
hydrocharbon molecules consisting of 16 atoms 
prevail, which is also found in terrestrial 
objects and products of laboratory experi¬ 
ments. 

Meteorites are the remnants of the larger 
bodies such as asteroids, the greater part of 
which is in the asteriod belt at the distance of 
2.3-3.3 AU from the Sun. Over the past ten 
years as a result of the astrophysical obser¬ 
vations of asteroids in the visible part of the 
spectrum and the infrared waves, data have 
been received which are of primary importance 
for the establishing of genetic interrelation¬ 
ships between asteroids and meteorites. By 
contrasting the reflectivity of meteorites and 
asteroids it became possible to determine that 
almost all the known classes of meteorites 
have their analogs among the asteroids that 
have been studied. 

Depending on reflectivity asteroids are sub¬ 
divided into two large principal groups—the 
dark variety, or the C-asteroids, and relatively 
light ones, or the 5-asteroids. The first group 
is characterized by a low albedo—less than 
0.05, while over 0.1 is typical of the second 
group. According to the spectral reflectivity 
group C is close to carbonaceous chondrites, 
and group S may well be correlated with iron¬ 
stone meteorites and common chondrites. The 
latest photometric measurements have on the 
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whole confirmed the unity of the material 
of meteorites and asteroids. For this reason all 
mineral, chemical and structural character¬ 
istic features of meteorites, that were received 
and studied in the laboratories on Earth, can 
be equally applied to asteroids. 

As a result of the research that has been 
conducted it was established that in different 
regions of the asteroid belt the composition of 
asteroids is not the same. Within the confines 
of the Solar system a highly essential space 
chemical regularity has been discovered, viz. 
the composition of asteroids depends on the 
heliocentric distance. In the interior part of 
the asteroid belt there are bodies that have 
very much in common with common chon¬ 
drites, but as the distance from the Sun in¬ 
creases, within the limits of 2.5-3.3 AU, their 
number becomes lower, while the number of 
asteroids of the type of carbonaceous chon¬ 
drites, which occupy the predominant position 
in the middle and the marginal parts of the 
asteroid belt, becomes greater. On the whole, 
according to contemporary observations, the 
asteroid belt is characterized by the prepon¬ 
derance of carbonaceous and chondrite bodies. 

If most of the asteroids consist of carbona¬ 
ceous chondrites, then it is quite clear that they 
comprise a large number of organic substances 
that determines their dark colour and low 
reflectivity. Thus, the lowest reffectivity is 
characteristic of Bamberga asteroid (albedo 
0.03). This is a dark and fairly large object 
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in asteroid belt the cross section of which 
measures approximately 250 km. 

Comets have recently attracted to themelves 
no minor interest. There have been some assump¬ 
tions that they took part in the qrigin of 
life on Earth, or in any case could have made 
a certain contribution to the composition of 
the early atmosphere. They could have also 
brought to the surface of the then emerging 
planet the first organic molecules. The opinion 
has been established that comets reflect the 
primary conditions in the Solar system better 
than any other objects. 

The greater part of comets is situated on the 
very periphery of the Solar system in the so- 
called Oort’s cloud. They have excessively 
elongated orbits and are found to be at a dis¬ 
tance of hundreds and thousands of times 
farther away from the Sun than Pluto. Long- 
periodic comets approach the Sun from far 
away. On the whole a comet represents a lump 
of dirty snow. The ‘snow’ in a comet is made 
up of ordinary water ice with the admixture 
of carbon dioxide and other congealed gases of 
unknown composition. The ‘dirt’ represents 
particles of silicate rocks of various size 
impregnated into the comet ice. It may well 
be assumed that due to the absence of chemi¬ 
cal interactions comets can serve as the un¬ 
touched specimens of the primary substance, 
from which the Solar system emerged. 

As the distance to the Sun becomes smaller 
the volatile substance of comets evaporates 
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and is driven away by the light pressure as 
a result of which a gigantic tail is formed. 
All the observable comet phenomena are deter¬ 
mined by the processes connected with the 
emission of gas and dust. The ions H + , OH - , 
0“, and H a O + , entering into the composition 
of comet tails originate mainly in the mole¬ 
cules of water, though, most probably, other 
compounds of hydrogen may also be present 
there. The atoms, radicals, molecules and ions 
can have the following expression: in comets— 
C, C„ C 3 , CH, CN, CS, GH 3 GN, HGN, NH, 
NH 2 , 0, OH, H 2 , 0 2 , Na, S and Si; near the 
Sun—Ga, CO, Cr, Cu, Fe, and V; in the tail — 
CH + , C0 + , C0 2 \ CN\ and NJ. 

Biophile elements, mainly C, 0, N, and H, 
have been discovered throughout the comets. 
At present it has been established with no 
little probability that comet molecules have 
much in common with those that are essen¬ 
tial for pre-biological evolution. They can be 
represented by the molecules of amino acids, 
purines, and pyrimidines. As has been pointed 
out by A. Delsemme [19811, there exist several 
groups of data showing that the cosmic dust 
has the nature of chondrite meteorites. Firstly, 
it consists mainly of silicates and compounds 
of hydrocarbon. Secondly, the relationships of 
metals that are evaporated from comets when 
they move close to the Sun, correspond to the 
relationships that are typical of chondrites. 
Thirdly, the dust particles of cosmic origin 
that presumably reflect the comet substance 
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are very close to the composition of the mate¬ 
rial of carbonaceous chondrites. And, as is 
actually the case, the analysis of the samples of 
cosmic dust reveals that 80% or more of dust 
particles of the size less than 1 mm consist of 
a substance that is similar to carbonaceous 
chondrites. Some scientists have compared the 
content of hydrocarbon in comets and car¬ 
bonaceous chondrites and have come to the 
conclusion that not less than 10% of the sub¬ 
stances entering into comets represent organic 
compounds. The nature of the chemical com¬ 
pounds found in comets shows that it is quite 
probable that the nucleus responsible for their 
origin is comparable as far as their complex¬ 
ity is concerned at least with the molecules 
of interstellar space. 

Thus, all the data on cosmochemistry of 
meteorites, asteroids and comets prove that 
the formation of organic compounds in the Solar 
system in the early stages of its development was 
a typical and mass phenomenon. It found its 
most coherent expression in the space of the 
future ring of asteroids, but one way or anoth¬ 
er also covered the other regions of proto¬ 
planetary solar nebula, probably including the 
region from which the Earth originated itself. 
On reaching a particular stage in the for¬ 
mation of complex organic compounds, oc¬ 
curred, as it were, congealed inmost of the bo¬ 
dies of the Solar system, and continued on 
Earth, thus attaining incredible complexity 
in the form of living matter. 



A Space History 
of Carbonic Molecules 

For a long time the scientists thought that the 
synthesis of organic compounds as the pre¬ 
decessors of life took place in the conditions of 
the early period of our Earth and that the 
lifeless atmosphere of the planet consisted 
preponderantly of H at CH 4 , NH 3 with the 
pairs of H a O. In this mixture there could 
have occurred chemical reactions of the syn¬ 
thesis with the formation of organic compounds, 
which has been indirectly proved by experi¬ 
mental research. The first experiments connect¬ 
ed with the receiving of organic substances 
from hydrogen-ammonia-methane mixture with 
the electric charges passing through it were 
carried out in 1953 on the initiative of the Amer¬ 
ican physicist and chemist H. Urey by his 
pupil S. Miller. Later similar results were 
received by the Soviet researchersT.E. Pavlov¬ 
skaya and A.G. Pasynsky when they subject¬ 
ed the same gaseous mixture to the impact of 
ultraviolet rays. Reactions of this type in the 
gaseous medium under the activity of ionizing 
radiation were called the Miller-Urey reactions. 

On the whole numerous experimental stud¬ 
ies have been conducted in this field. Their 
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results were usually regarded as the substanti¬ 
ation of the idea that the ultraviolet radiation 
of the Sun and the thunderstorm phenomena 
in the Earth’s primary atmosphere under 
particular temperatures and pressures had to 
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H,N-CHIC,H,l-COOH 



«-Hydroay butyric Kid 

HO-CH|C,H,)-COOH 



Succinic Kid 

HOOC-CH, - CH, - COOH 



Urea (Carbamide) 

H,N-CO—NH, 



N-Methyl urea 

H,N-CO-NH-CH, 



Aminoacttic propionic acid HOOC-CH* -NH-C, H* -COOH 



N Methylalanine 

HNICH, )-CHICH f l-COOH 



Glutamic acid 

H,N-CH|C,H«COOH)-COOH 



Aiparagine Kid 

H,N-CH(CH, COOH l-COOH 



a.-Ammoiiobutvric Kid 

H, N-ClCH,), -COOH 




10" 1 10 
Micromoll 


10* 


Fig. 10. The emission of products of Miller-Urey 
reaction from the mixture containing 710 mg of car¬ 
bon in the form of methane gas 


lead to the mass formation of complex carbon¬ 
ic compounds, including proteins (Fig. 10). 
However, in the light of contemporary data 
concepts of this kind should be discarded. The 
Earth belongs to the inner planets of the 
Solar system and was formed in the thermo¬ 
dynamic conditions, that were distinct from 
those in which the gigantic outer planets 
Jupiter and Saturn were formed. In their 
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hydrogen-helium atmospheres they actually 
contain CH 4 , NH 3 and other hydrocarbons. 
The closest though not identical to the Earth's 
primary atmosphere is that of lifeless Venus, 
which consists mainly of C0 2 . The abyssal 
gases of the Earth's primary mantle, that 
were released during volcanic eruptions and 
that gave rise to the primary atmosphere of 
our planet contain predominantly H 2 0, C0 2 , 
S0 2 , H 2 S, and N 2 . Gases of similar composi¬ 
tion were found in meteorites. Thus, the data 
on contemporary geochemistry and cosmo- 
chemistry do not provide us with any informa¬ 
tion on the presence of hydrogen, ammonia, 
and methane in the early planets of the ter¬ 
restrial group. 

The most abundant gas of the Earth’s pri¬ 
mary atmosphere was represented by C0 2 . 
However, it cannot spontaneously be trans¬ 
formed into thermodynamically less stable 
organic compounds. The small amount of 
hydrogen or its rapid loss in conditions of the 
Earth's early period also markedly decreased 
the possibility of the synthesis of organic sub¬ 
stances in the atmosphere. On the basis of the 
study of physicochemical equilibria in con¬ 
ditions of space H. Urey came to the con¬ 
clusion that during the formation of the 
Earth from the protoplanetary nebula a consid¬ 
erable part of the primary methane of the 
gas dust cloud escaped since the temperatures 
in the region where the planets of the terrestri¬ 
al group were formed increased. 
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What has been discussed above serves to 
prove that the principal mass of organic com¬ 
pounds emerged outside the confines of the 
Earth in the period that preceded its origin. 
There is nothing unusual or paradoxical in this 
conclusion; suffice it to say that in the course 
of the evolution of the matter of the Sun’s 
system the main rock-forming minerals of our 
planet and organic substances were formed. 
The same can also be said of the most highly 
molecular ones that gave rise to the primary 
forms of life. 

Thus, the problem pertaining to the origin 
of organic substances as well as that of the 
emergence of life itself is directly connected 
with the cosmochemistry of the Solar system 
itself. At present owing to the substantially 
widespread information on the composition of 
various bodies of the Solar system we can 
look much deeper into the chemical history 
of the matter. These data enable us to make 
empirical generalizations that are necessary for 
the understanding of the process involving the 
formation of the organic substances in the 
protoplanetary matter. 

1. The Earth, planets, and meteorites 
emerged from the Sun’s matter. What substanti¬ 
ates this statement is the affinity of the 
isotope composition of the chemical elements. 
The difference in the chemical composition of 
planets and meteorites is the result of the 
latest processes connected with the differen¬ 
tiation and fractionation of the primary more 
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or less homogeneous material of solar compo¬ 
sition. 

2. According to the data of nuclear geochro¬ 
nology the age of the Earth, Moon, meteorites 
and, probably, the other planets too is 4.6- 
4.5 billion years. Meteorites, as the remains 
of asteroids, are the most ancient stone bodies 
of the Solar system. 

3. The parent bodies of chondrites are the 
products of reduction-oxidation processes in 
protoplanetary nebula. They have various 
degree of oxidation. Enstatite chondrites are 
the ones that are most reduced since all the 
iron contained in them is found to be in 
a metallic state, calcium is represented by 
oldhamite (CaS), phosphorus—by schreiber- 
site (Fe, Ni, CO) 3 P, chromium enters into the 
composition of daubreelite (FeCr 2 S 4 ), while 
a small part of silicon is partially dissolved 
in metallic iron. The material of common 
chondrites is more oxidized, and the minerals 
that have just been mentioned are found in 
inconsiderable quantities. Carbonaceous chon¬ 
drites are the most oxidized of the minerals. 
All the iron in them is chemically connected 
with oxygen in silicates and magnetite. Sul¬ 
phur is present in the composition of sul¬ 
phates. 

4. The planets of the terrestrial group and 
asteroids are distinguished by a chemical 
composition, which reflects the conditions of 
differentiation and the physicochemical proc¬ 
esses in the period of their formation. In 
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the planets close to the Sun there is more 
metallic iron than in those that are more 
remote. 3/4 of Mercury consist of a metallic 
phase; the figure for Venus and Earth is 1/3; 
for Mars it is 1/4. In the asteroid belt there 
are bodies that are mainly of the type of 
carbonaceous chondrites, i.e. those that are 
oxidized to a maximum degree. Depending on 
the heliocentric distance the planets of the 
terrestrial group and asteroids are represented 
by the bodies with a different degree of oxida¬ 
tion. When the Solar system was formed the 
oxidation iron (and other substances) occurred 
less intensely near the Sun and increased in 
intensity as the distance became greater. 

5. The formation of heavy radioactive and 
other elements was completed immediately 
before the emergence of the Solar system. In 
meteorites and some of their mineral fractions 
traces of extinct radioactive isotopes 26 A1, 
m I f 14 ®Sm, 23e U, 244 Pu, and 247 Cm were discov¬ 
ered. The origin of the Solar system is related 
to that of chemical elements. The period be¬ 
tween the termination of natural nuclear syn¬ 
thesis and the emergence of solid bodies in the 
Solar system is estimated at approximately 
50-100 min years. It is precisely within this 
period during the condensation of solar gas 
that the small particles and droplets were 
forined as the products of condensation, which 
in the future served as the building material 
for the planet of the terrestrial group and 
meteoric bodies. 
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6. The whole Solar system is differentiated. 
Its bodies change their composition depending 
on the geocentric distance, which is the 
reflection of the established particular chemical 
zonation of protoplanetary nebula in the 
period of its formation. Thus, if we take into 
account the main planetary components in the 
form of the following series: Fe-(0, Si, Mg)- 
H 2 0-CH 4 , then, as the distance from the 
Sun becomes greater, the content of the com¬ 
ponents in the corresponding bodies increases 
from left to right. Mercury, which is the 
closest planet to the Sun, contains predomi¬ 
nantly two primary components, in carbona¬ 
ceous chondrites—asteroids, all the iron is 
oxidized and there is already a noticeable 
amount of H s O. The greater part of the satel¬ 
lites of the gigantic planets is covered with 
ice (H 2 0), while the remote Pluto consists of 
the outer cover, composed of methane (CH 4 ). 

The given principles founded on the con¬ 
temporary space-chemical material help us to 
come to the general conclusion that the ori¬ 
gin of the Solar system was first and foremost 
connected with the physicochemical processes 
in the broadest sense of the word. These proc¬ 
esses depended on the heliocentric distance 
and the degree of the cooling of matter in 
a particular zone of nebula. 

As a result of the efforts made by a fairly 
wide circle of researchers the cosmogonic 
hypotheses were superseded by a new theory, 
which rests mainly on the data of cosmochemis- 



80 Origin and Development of Life on Earth 

try and considers the physicochemical pro¬ 
cesses that take place during the cooling 
stage of the primary Solar nebula, which have 
led to the chemical heterogeneity of various 
bodies of the Solar system. 

The formation of the chemical composition 
of the Earth and planets was determined by 
a consecutive condensation of elements and 
their compounds in the order that was reverse 
to their volatility—from the gaseous system of 
approximately solar composition: first the 
refractory elements, then the involatile ones, 
and finally those that are most volatile and 
their compounds. The condensation tempera¬ 
tures of elements and their compounds from 
the gas of solar composition when cooled to 
below 2000 K were calculated according to 
the equations of chemical thermodynamics 
by G. Anderson, J. Larimer, L. Grossman, 
J. Lewis, etc. Within the wide range of pos¬ 
sible pressures the first to emit are the drops 
of iron at temperature 1500 K and below that, 
then come the silicates of magnesium(Mg 2 Si0 4 , 
MgSiO a ), and sulphides (FeS). In the end, at 
the temperature below 200 K, condensation 
covers such substances as water (ice) and 
mercury. The results of these calculations 
should be taken for the first approximation to 
the solution of the chemical evolution of 
protoplanetary nebula. As was actually the 
case, it was characterized by complex process¬ 
es of the interaction between all the chemical 
elements of Mendeleev’s table, as well as 
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between the previously emitted condensates 
and the environment of the gaseous phase. 

In its most general form it is possible to 
imagine that the formation of planets took 
place in the course of two stages. The first of 
them was characterized by the congelation 
and condensation of the the matter of gaseous 
nebula. In connection with the marked rate 
of cooling depending on the heliocentric 
distance the nebula in some of the zones had 
acquired a different chemical composition. 
This kind of heterogeneity increased under 
the influence of the Sun’s rays, which drove 
the light gases into the marginal part 
of the Solar system, within the region 
where gigantic planets were formed. The second 
stage was the process pertinent to the accu¬ 
mulation of condensed particles in proto¬ 
planets. It may be assumed that those two stages 
were not separated by any considerable pe¬ 
riod of time. Accumulation in certain parts of 
the protoplanetary nebula had begun at the 
time when condensation was not yet over. 

The question concerning the sequence of 
accumulation of protoplanetary particles has 
not yet been made quite clear. A large amount 
of geochemical and physical data tend rather 
to be in favour of the heterogeneous accumula¬ 
tion of the planet, when the sequence of 
accumulation repeated that of condensation. 
In this case the upper horizons of the primary 
Earth found themselves composed of the most 
recent condensates of solar nebula. The central 
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part of the Earth’s nucleus was formed during 
the accumulation of the metallic iron, which 
was then, covered by the condensates in the 
form of a mixture of metals, silicates and 
troilite. The last to appear on the surface of 
the burgeoning Earth was the material, the 
composition of which was close to carbona¬ 
ceous chondrites which was enriched with 
volatile and organic substances. 

In the last stages of the congelation of Solar 
nebula there took place a mass formation of 
organic compounds in the region where the 
planets of the terrestrial group originated, 
the asteroid belt, and probably over a vast 
space on the whole, including that part of 
the Universe where comets came into existence. 

In connection with the increased propaga¬ 
tion of hydrogen in the primary nebula the sim¬ 
plest of its compounds with carbon and nitro¬ 
gen emerged. Since the most stable form of 
carbon was CO, the following reactions took 
place as the cooling of solar nebula was prog¬ 
ressing 

2C0 + 2H 2 *±CH« + C0 2 
C0 2 + 4H 2 **CH 4 -j-2H 2 0 
N t +3H 2 ^2NH, 

In some of the regions of protoplanetary 
nebula, presumably in those parts where the 
gigantic planets were formed, and into which 
light molecules were transformed under the 
pressure of solar radiation there appeared H a , 
CH 4 , NHj and H 2 0. In the combination of 
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these components the reactions of the Miller- 
Urey type could have taken place under the 
impact of ionizing radiation, which led to 
the formation of numerous organic compounds. 
However, the role of solar radiations as an 
ionizing factor must have been rather insig¬ 
nificant. The dust-contaminated protoplanetary 
nebula was not transparent to ultraviolet 
light. 

Nevertheless it becomes possible to assert 
that in the early Solar system there existed 
powerful sources of radiation, which brought 
forth photochemical reactions. They include 
the generally spread dispersed radioactive iso¬ 
topes that are found in gaseous as well as in 
hard dust phases of primary nebula. The 
contemporary radioactivity of the Solar sys¬ 
tem material is mainly determined by the 
presence of isotopes ^Th, 235 U, a * a U l and 
40 K, the number of which was considerably 
greater 4.5 billion years ago; for instance, 
there was 80 times more 285 U and 10 times 
more 40 K than there is now. Besides, in the 
period of the formation of planets and parent 
meteoric bodies, which emerged in connection 
with the completion of the processes of nuclear 
synthesis, markedly radioactive isotopes were 
present. However, they soon became extinct 
since the period of their decay was within the 
range df 1-100 min years. Some of the extinct 
radioactive isotopes are given in Table 8. 

Taking these circumstances into account, it 
is not difficult to infer that the natural radio- 

6* 
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TABLE 8. Extinct Radioactive Isotopes 


Radioactive 

Isotopes 

Half-life, 

years 

c/dTay 

Prod¬ 
uct of 
decay 

Beryllium 

10 Be 

2.5-10® 

P-decay 

log 

Aluminum 

2 ®Al 

0.74.10® 

P-decay 

2 ®Mg 

Manganese 

63 Mn 

3.7-10® 

P-decay 

”Cr 

Niobium 

B2 Nb 

3.3-10 7 

e-capture 

B2 Zr 

Palladium 

mpd 

7-10® 

P-decay 

107 Ag 

Iodine 

130] 

1.7-10 7 

P-decay 

12B Xe 

Samarium 

14 ®Sm 

5-10 7 

a-decay 

142 Nd 

Lead 

*05 P b 

5-10 7 

e-capture 

205'Pl 

Uranium 

««U 

2.4-10 7 

a-decay 

232Tb 

Neptunium 

237 Np 

2-10® 

a-decay 

20 ®Bi 

Plutonium 

J44p u 

8.2-10 7 \ 

a-decay 


Curium 

247 Cm 

1.64-10 7 l 

and fis¬ 


Z = 114—116 

n-10®?J 

sion 



activity as inherited from the more ancient 
cosmic epoch of the synthesis of nuclides in 
the form of a-, p-, and y-radiations could 
and had to ionize the environment, thus stim¬ 
ulating a large number of chemical reactions, 
including the synthesis of organic compounds. 
Hence, the matter itself, the laws of forces, 
implanted in atoms, including the properties 
of nuclei and electronic shells, had determined 
in a historical sequence the optimal situation 
for the creation of high-molecular organic 
compounds. 

As the emission from the gaseous phase of 
hard particles was progressing during the 
cooling of the solar nebula and the reaction 
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of these particles with the residual gaseous 
medium, there also emerged certain com¬ 
pounds that turned out to be appropriate cata¬ 
lysts of many chemical reactions. The organic 
compounds found in meteorites were formed 
mainly by means of chemical reactions be¬ 
tween, H, CO and the simplest compounds 
of N. In these conditions the most probable 
reactions are of the Fisher-Tropsch type. In 
general they can be expressed thus: 

nCO -f- (2n + 1) H 2 -► C n H 2n+8 nHjO 

Reactions of this type take place very slowly 
even in favourable thermodynamic conditions, 
but are accelerated in the presence of cata¬ 
lysts. 

In the last stages of cooling of solar nebula 
the basic refractory components (metallic 
iron, silicates, oxides, etc.) had already been 
condensed in the form of dust particles, and 
hydration processes of the previously emitted 
silicates (predominantly olivine) and the for¬ 
mation of organic compounds either simulta¬ 
neously or later were taking place. At temper¬ 
atures below 500 K there took place hydra¬ 
tion reactions between olivine and water 
vapours: 

4 (Mg, Fe),Si0 4 + 4H f 0 + 2C0 t — 

- 2 (Mg, Fe) a Si0 4 + (Mg, Fe) e (OH) 8 Si 4 O 10 + ... 

The products of these reactions in the form 
of hydrated silicates, magnetite, and carbon¬ 
ates actually compose the main mass of 
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chondrites pertaining to type Cl as rock¬ 
forming minerals. According to the data 
provided by different methods, the typical 
mineral associations of carbonaceous chon¬ 
drites were formed with the interval of tem¬ 
peratures between 300 and 430 K. 

Thus, it becomes possible to conclude that 
the association of organic matter with low- 
temperature mineral complexes is a typical 
phenomenon in the space chemistry of meteor¬ 
ites. In accordance with the structural data 
organic compounds were synthesized on the 
surface of mineral grains, which in the later 
period entered into the composition of car¬ 
bonaceous chondrites. Under the microscope 
it has been observed that a large amount of 
organic matter of meteorites is present in the 
shape of rounded fluorescent particles the 
diameter of which measures 1-3 pm. The 
nucleus of magnetite or hydration silicate 
are found in the centre of these particles. 

The given processes of catalytic synthesis 
of organic compounds in space conditions are 
also substantiated by experimental data. Ex¬ 
perimental research on the modelling of the 
reactions of the Fischer-Tropsch type, close 
to those in space, were carried out by D. Yo- 
shiro, R. Hayatsu, and E. Anders. It was 
discovered that when CO, H a , and NH, begin 
to react at temperatures of 150-500° C in the 
presence of nickel,* aluminium and clayey 
minerals as catalysts, a large number of 
organic substances, including amino acids, 



Fig. 11. The chemical condition of carbon in ther¬ 
modynamic conditions pertinent to the cooling of 
solar nebula 

Hydrated silicates are formed which serve as appropriate 
catalysts for stimulating the reactions of the chemical 
synthesis of organic substances. The restricted fields show 
the formation of carbonaceous chondrites, as well as the 
region where organic compounds originate (according to 
Hayatsu, Anders, 1981) 


form. Nowadays the research in this field which 
is carried out quite intensely, substantiates 
the results that were received earlier. Ther- 







88 Origin and Development of Life on Earth 

modynamic conditions of the formation of 
organic compounds in cooling gaseous nebula 
of solar composition are presented in Fig. 11. 

It should be mentioned that the particles 
of natural catalysts in solar nebula were pri¬ 
marily also characterized by the enhanced 
radioactivity, which influenced the environ¬ 
ment. For this reason it is possible to assume 
that the synthesis of organic substances took 
part under the impact of catalysis phenomena 
as well as under the influence of radioactivi¬ 
ty. 

.Until now there are but few tests on the 
experimental modelling of the synthesis of 
organic substances under the direct impact of 
radiations of radioactive isotopes upon parti¬ 
cular gaseous mixtures, the composition of 
which would be close to the assumed nebula. 
Investigations in this field have been con¬ 
ducted only by the American scientists S. Palm, 
M. Calvin, and C. Ponnamperuma. Their 
research was connected with the radiation 
of CH 4 , NH 3 , and H a O mixture by p-rays. 
This resulted in that there occurred reactions 
which led to the formation of aliphatic com¬ 
pounds, adeline and amino acids. However, 
what presents particular interest are the 
results of D. Gidley. By exposing primitive 
gaseous mixtures of p-rays, the researchers 
established that under the activity of p-radia- 
tion the formation of asymmetrical molecules 
of the organic substances of homogeneous 
structural type, including amino acids and 
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sugar, takes place. In this connection it 
cannot be but mentioned that one of the 
fundamental peculiarities of living matter is 
the optical molecular asymmetry of the prin¬ 
cipal components of organisms—proteins and 
nucleic acids. The composition of proteins 
comprise only L-amino acids. This enables 
us to assume that the activity of radioactive 
factors was the decisive factor in the forma¬ 
tion of asymmetrical molecules of organic 
compounds, which proved to be the most 
favourable for the formation of living matter. 

There is some reason to believe that the 
synthesis of organic substances in ancient 
space systems could have taken place under 
particular doses of ionizing radiation. Radio¬ 
active radiation of high intensity destroys 
chemical compounds. Hence, it should be 
assumed that in conditions of the general 
decrease of the radiation background in the 
period of the decay of extinct and extant 
radioactive isotopes a certain optimum of 
radioactive impact upon the initial substances 
was attained, which was favourable for the 
processes involving the synthesis of organic 
compounds. 

The chemical and isotopic data on carbona¬ 
ceous chondrites show that immediately prior 
to the formation of parent bodies of these 
meteorites the synthesis of organic substances 
found its expression mainly in catalytic reac¬ 
tions of the Fischer-Tropsch type, with the 
Miller-Urey reactions functioning in only few 
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cases. In particular, this can be seen when 
comparing the molecular mass—spectrograms 
of hydrocarbons that were received as a result 
of the Fischer-Tropsch type of reactions by 
artificial means and the hydrocarbons of Mur¬ 
chison meteorite (Fig. 12). What attracts our 
attention is that the coincidence of particular 
maximums of the two samples is very good 
indeed. 

All this taken into account, it is not difficult 
to come to the conclusion that the synthesis of 
fairly complex organic compounds was a regu¬ 
lar stage in the chemical evolution of the 
solar system just before the planets were 
formed. The organic substances that had 
emerged in space conditions entered into the 
composition of a large number of bodies, 
though it was only on Earth that the possibili¬ 
ty of progressive evolution found its expression. 
This resulted in the rapid development of self¬ 
regulating high-molecular systems, or the an¬ 
cestors of the first living organisms. In meteo¬ 
rites and their parent bodies chemical evolu¬ 
tion was found to be congealed. 

The organic substances of space origin got 
upon the growing Earth in the last stages of 
its accumulation together with the material 
of the type of carbonaceous chondrites. It 
should be noted here that, according to a series 
of geochemical* and isotopic data, the material 
of the Earth’s primary upper mantle had 
very much in common with that of the type 
of carbonaceous chondrites as with the source 
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1 the mass-spectrograms for hydrocarbons of the 
1 the Fischer-Tropsch reaction products 
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of water and other volatile substances. There 
tends to be an ever-increasing amount of 
data substantiating this conclusion. In the 
later period during the radiogenic heating 
of the upper primary mantle gases and vapours 
were emitted that gave rise to the formation of 
atmosphere and hydrosphere. In addition to 
this there also took place an outcrop of organic 
compounds, which changed in the direction 
of progressive evolution, remaining in close 
contact with the solid phases of various degree 
of fractioning—from colloidal particles of 
clayey minerals to large stones and lumps as 
the first weathering products of the newly- 
born crust of our planet. This hard material 
was distinguished by enhanced radioactivity 
in the early stages of the development of the 
Earth. 

However, we don’t know how far the chemical 
evolution of matter progressed in space condi¬ 
tions. Those carbonaceous chondrites which 
were studied in terms of how much organic 
content they had and that we have recently 
received from the asteroid belt, can be regard¬ 
ed only as a probable analog of the material, 
which created the upper horizons of our planet. 
However, they can hardly be. taken for the 
one-to-one equivalents of the Earth’s primary 
upper mantle. 

Presumably, there are two ways of solving 
the problem: either the chemical evolution, 
which began in space conditions, continued 
on Earth and in a relatively short period of 
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time led to the emergence of primitive living 
organisms, or the formation of the initial com¬ 
plex DNA molecules, that lie in the founda¬ 
tion of heredity, took place in space conditions, 
while the complete realization of DNA came 
into effect in the first water bodies of our 
planet, that contained dissolved organic sub¬ 
stances. 



The Origin of Bisophere 
and the Main Features 
of Its Development 


Within the whole period of geological 
history the living material has always 
been and still remains the constituent 
part of the biosphere, the source of 
energy it captures from solar radia¬ 
tions—the substance that is in an 
active state and has the main impact 
upon the course and trend of geochem¬ 
ical processes of chemical elements 
throughout the earth's crust. 

V.I. Vernadsky 

The development of organic compounds as 
well as the living matter is most closely con¬ 
nected with water. However, the problem of 
the origin of water on our planet refers to the 
held of research on the concluding stages of 
accretion. At that stage the most low-tempera¬ 
ture condensates of the solar nebula—the 
hydrated silicates, organic substances and the 
water itself in its adsorbed state in hard 
particles or in form of cosmic ice—concluded 
the formation of planets of the terrestrial group. 
These condensates were most comprehen¬ 
sively expressed in the carbonaceous chondrites 
of type Cl. However, on the contemporary 
level of knowledge it is possible to assume 
that a certain part of water entered the 
planet in the last stages of accretion. This 
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process is particularly well manifested in the 
ice satellites of the outer planets, the covers 
of which presumably reflect the result of the 
fallout of large quantities of cosmic snow 
which had covered the earlier surface of these 
planetary bodies. On the whole the factors 
underlying the intrusion of volatile compo¬ 
nents into the composition of the planets of 
terrestrial group presents a highly difficult 
and yet unsolved problem. The same can be 
said of the problem connected with the pres¬ 
ence of organic substances in the composition 
of the earth and planets of the terrestrial 
group. 

If we assume that in the epoch when the 
formation of the Earth was reaching the stage 
of its completion, it received on the whole 
approximately 1 % of the material of the 
type of carbonaceous chondrites, it is not 
difficult to calculate that at the beginning of 
its development our planet acquired n-10 17 t 
of organic matter of abiogenetic origin. The 
general amount of organic carbon in the 
earth’s crust is estimated to be 3.8 -10 15 t, 
which is two orders lower than what is sup¬ 
posed to have been the primary organic carbon 
in the composition of the upper layers of the 
newly formed Earth. In addition to this it 
should be taken into account that the vast 
quantity of organic matter of the earth’s 
crust in the form of dispersed organic sub¬ 
stances, coals and oil emerged later in the course 
of the photosynthetic activity of organisms 
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which utilized carbon dioxide of either the 
abyssal pallial origin or that of the pri¬ 
mary atmosphere, but not the initial organic 
matter that emerged on the surface of the 
Earth in the earliest stages of its develop¬ 
ment. Thus, the general amount of primary 
organic matter, which the Earth could have 
inherited from the proto planetary nebula, can¬ 
not be assessed in quantitative terms at the 
present level of our knowledge. The exact 
amount of matter of the carbonaceous chon- 
drite type that accomplished the formation of 
our planet is still unknown. 

On the other hand the data of contemporary 
cosmochemistry evidence that in the period of 
its formation our planet generally received an 
adequate amount of organic compounds so 
that by means of the polymerization of amino 
acids, complex hydrocarbons, and other com¬ 
pounds there could appear self-regulating sys¬ 
tems essential for the living matter. 

In the opinion of a great number of research¬ 
ers in the early stages of its development 
life was not connected with any individual 
living organisms, and found its expression in 
a common living matter. According to 
V.I. Vernadsky the origin of life is reduced 
to that of the biosphere, which from its very 
inception was a complicated self-regulating 
system. A great variety of geochemical func¬ 
tions of living matter emerged at least as 
a result of the fact that any most primitive 
cell, being in aqueous and marine medium, had 
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the closest possible contact with all the chem¬ 
ical elements of Mendeleev's Table. In the 
process of their vital activity these primitive 
organisms naturally selected not all the ele¬ 
ments, but primarily those that were favour¬ 
able to their growth and perfection of a whole 
series of physiological processes. 

In this connection, V.I. Vernadsky wrote: 
‘The conclusion substantiating the necessity 
of an excessively varied geochemical function 
of the representatives of life in the biosphere 
is the undisputed prerequisite for its emer¬ 
gence. Irrespective of what kind it was, it 
had to be represented not by a combination of 
indivisible specimens of one particular type, 
but by an integral number of species, morpho¬ 
logically belonging to either different, marked¬ 
ly separated classes of organisms, or of cer¬ 
tain hypothetical forms of living matter, dis¬ 
tinct from species unknown to us. The possibil¬ 
ity of a complete accomplishment of all geo¬ 
chemical functions of organisms in the biosphere 
by unicellular organisms makes it probable 
that such was the advent of life itself.... 

Thus, the first appearance of life at the 
time when the biosphere was being created had 
to take place not in the form of the emergence 
of some kind of species of organisms, but in 
the form of their totality corresponding to the 
geochemical functions of life. What had to 
immediately appear was biocoenosises. ’ 

It can be assumed that as the role of catalytic 
reactions grew, the chemical evolution in 
7-0669 
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space nebula could lead to the formation of 
DNA molecules. However, the realization of 
its functions was made possible only within 
the confines of the Earth where on the basis 
of the development of living matter the early 
biosphere was formed as a combination of 
favourable conditions for life as viewed from 
the biologically inert systems and the living 
matter itself. In the other bodies of Solar 
system the chemical evolution was found to be 
retarded. 

At present there exists a clear-cut subdi¬ 
vision of organisms into autotrophic and het- 
erotrophic varieties according to their means 
of nutrition. However, in the Earth’s early 
biosphere the relationship between heterotro- 
phic and autotrophic organisms was different. 
What exactly it was remains unclear. The 
only thing that can be assumed is that the 
photosynthesizing autotrophic biosphere, as 
recorded by the date of isotopic geochemistry, 
was a secondary formation 4 billion years ago 
and emerged on the basis of a biosphere of 
quite another biogeochemical type. 

As is actually the case, a detailed study of 
photosynthesis revealed that it has a com¬ 
plex character. This process could not be 
initial in the history of living matter. Hence, 
all the hypotheses concerning the primary 
origin of autotrophic organisms turned out to 
be untenable. In the light of contemporary da¬ 
ta the concept of the primary nature of the 
heterotrophic form of the metabolism of 
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substances in primary organisms is now being 
formed. The primary nature of heterotrophic 
nutrition can be substantiated by the following 
statements: 

(1) all contemporary organisms have systems 
that are accommodated to employ ready organ¬ 
ic substances as the initial building material 
for the processes of biosynthesis; 

(2) the preponderance of organic species in 
the Earth’s contemporary biosphere can exist 
only provided there is a constant supply of 
ready organic substances; 

(3) the heterotrophic organisms reveal no 
traces or any rudimentary remains of those 
species enzyme complexes and biochemical 
reactions which are necessary for the auto¬ 
trophic means of nutrition. The latter con¬ 
clusion is most essential. Thus, the statement 
that was previously made serves as proof 
that the autotrophic photosynthetic life in 
the biosphere on our planet is of secondary 
character. 

From what has been said above it becomes 
possible to infer that the primary biosphere 
of our planet was in the first place restricted 
by an aqueous medium, and, secondly, was 
impregnated with heterotrophic organisms 
which led themselves on the organic substances 
dissolved in water, and which emerged 
earlier predominantly in cosmochemical con¬ 
ditions. This kind of biosphere must have 
existed most likely within a short period of 
geological time. 

7 * 
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The primary heterotrophic organisms, which 
possessed the properties of living matter, 
reproduced at a high rate, and thus naturally 
exhausted their nutritive basis. Hence, when 
they reached maximum biomass, they had 
to either become extinct or employ the auto¬ 
trophic photosynthetic means of nutrition. 
This new means of nutrition promoted a speedy 
settlement of organisms near the surface of 
the original water bodies. However, the pri¬ 
mary surface of the newly formed Earth, 
deprived of free oxygen, was radiated by 
the ultraviolet radiation of the Sun. For this 
reason, G. Gaffron assumed that the primary 
photochemical mechanisms which took part 
in the sequential synthesis of organic sub¬ 
stances, and later covering the living organisms, 
initially made use of radiation in the ultra¬ 
violet region of spectrum. It was only after 
the emergence of the ozonic screen in connec¬ 
tion with the emergence of free oxygen ns 
a subsidiary product of the same photosynthe¬ 
sis that the autotrophic photosynthesizing 
process began to use radiation in the visible 
part of the solar spectrum. According to the 
prominent Soviet biologist M.M. Kamshilov 
life had most probably developed as a circula¬ 
tion of substances in close association of het¬ 
erotrophic and autotrophic organisms. Solar 
radiation was the principal energy factor of 
life, and its origin consisted in establishing 
circular metabolic processes with the use of 
the photons of light. 
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The primary heterotrophic microorganisms 
inhabited in the ancient water bodies for 
some time only. Then they were set aside by 
photoautotrophic organisms, which produced 
free oxygen that had a genuinely deteriorating 
effect on the heterotrophs. It is possible to 
assume that in the early ocean there took 
place a struggle between the primary and 
secondary organisms. In the water enriched 
with hydrogen sulphide free oxygen was pres¬ 
ent in very small quantities. It was expended 
on chemosynthesis of some organisms and was 
absorbed by mineral suboxidized substances 
of the ocean and the primary lithosphere. The 
struggle for existence went on between the 
photosynthesizing organisms of plankton in 
the illuminated part of the sea and the organ¬ 
isms that absorbed oxygen during chemo¬ 
synthesis and the decomposition of organic 
remains. This became one of the main reasons 
which determined the amount of free oxygen 
in the biosphere. The confrontation ended 
in the victory of photosynthesizing auto¬ 
trophic organisms, which had essentially driv¬ 
en the anaerobic microflora into the zone 
where deep-sea ooze was formed. In general 
the evolution of oxidizing functions took 
place under the increase of redox potential. 

At present, with some of the geochemical 
data taken into account, we can successfully 
restore the composition of primary atmosphere 
and hydrosphere as the medium for the origin 
and development of early life. The water and 
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primary gases of the atmosphere refer to the 
volatile substances of our planet, and it is 
natural that their history is connected with 
a unified process of degassing of primary 
mantle. A number of components which now¬ 
adays enter into the composition of sedi¬ 
mentary rocks, hydrosphere and atmosphere 
are genuine volatile substances. If we compare 
their quantity in the composition of the whole 
complex of sedimentary rocks, hydrosphere, 
and atmosphere with that amount which could 
have been released in the process of weathering 
and the reworking of crystalline igneous rocks 
of the earth's crust, we shall discover a great 
difference, which W. Rubey suggested to call 
volatile excess. 

The excess of volatile substances is a fairly 
impressive value and as far as some of the 
components are concerned it is scores and 
even hundreds of times greater than the 
volatile material resulting from the weathering 
of igneous bedrocks of the lithosphere. In the 
excess of volatile vapours H 2 0 is 128 times 
greater than it could have been produced by 
the primary earth’s crust during its complete 
intensive disintegration, while the correspond¬ 
ing figures for C0 2 and Cl are 83 and 60 re¬ 
spectively. The composition of volatile excess 
is the following (in weight %): 

H.O 92.8 Ar traces 

C as COj 5.1 Cl a 1.7 

I 3 0.13 F 2 traces 

N a 0.24 H, 0.07 
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The composition of volatile excess is very 
close to that of volcanic gases. The most 
typical compositions of gases related to abyssal 
and magmatic origin are given in Table 9. 

TABLE 9. The Composition of Gases from Volcanoes, 
Igneous Rocks, Hot Springs and Excess Volatiles in 
Atmosphere and Sedimentary Rocks 


Gas 

Kllau- 

ea 

and 

Mauna 

Loa 

Basalt 

and 

dia¬ 

base 

Obsid¬ 

ian, 

ande¬ 

site, 

and 

granite 

Fuma- 

roles, 

hot 

steam 

wells, 

and 

geysers 

Vola¬ 

tile 

excess 

H ,0 

C as CO, 

57.8 

69.1 

85.6 

99.4 

92.2 

CO, 

23.5 

16.8 

5.7 

0.33 

5.1 

s . 

12.6 

3.3 

0.7 

0.03 

0.13 

n . 

5.7 

2.6 

1.7 

0.05 

0.24 

Ar 

0.3 

Traces 

Traces 

Traces 

Traces 

Cl, 

0.1 

1.5 

1.9 

0.12 

1.7 

k 

0.04 

6.6 

4.4 

0.03 

Traces 

0.04 

0.1 

0.04 

0.05 

0.07 

Others 

— 

— 

— 

— 

— 


100.4 

100.0 

100.4 

100.01 

100.04 


Even if C0 2 did emerge in the active volca¬ 
noes at the expense of thermal decomposition 
of carbonates, in this case too it had been 
borrowed from the much earlier atmosphere in 
the process involving the formation of the 
most ancient carbonaceous sedimentary rocks. 

In the spreading order volcanic gases are 
composed of H 2 0, C0 2 , and N 2 . With this 
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kind of composition of the atmosphere the 
presence of organic compounds and moreover 
their emergence is thermodynamically unfa¬ 
vourable; any organic compounds consisting 
of H, C, N, and 0 are less stable than the 
above listed basic components of the primary 
atmosphere. 

At the time the primary atmosphere and 
ocean were formed the fairly complex organic 
substances contained in the early mantle 
were in close contact with the hard particles 
of silicates, which in the later period could 
play the role of powerful catalysts in the 
process pertaining to the development of ever 
more complex compounds. 

Data on volcanic gases most definitely 
show that in the course of eruption it was 
molecular nitrogen (N 2 ) that was emitted, 
and not ammonia; consequently, ammonia 
had never been the main component of the 
Earth's atmosphere. 

It has already been mentioned that the 
period within which the heterotrophic bio¬ 
sphere existed was exceptionally short, for 
which reason the reserves of organic substances 
in primary water bodies could not be replen¬ 
ished in the same way as those of the auto¬ 
trophic organisms. However, we could assume 
that the remains of heterotrophic organisms 
did incessantly refill the reserves of nutritious 
organic substances. Thus, there existed a bal¬ 
ance between the active heterotrophic organ¬ 
isms and their decomposed remains. 
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From what has been just described we can 
conclude that the source of living matter 
and water was an integral whole, or, to be 
more exact, the source of volatiles on Earth 
and the living matter was one and the same. 
It was the upper horizons of the mantle that 
emerged mainly at the expense of the accretion 
of the primary matter of the type of carbona¬ 
ceous chondrites. Besides, it is impossible to 
merely equate the material of the Earth's pri¬ 
mary upper mantle with that of carbonaceous 
chondrites. We can speak here only of close 
analogs since the composition of individual 
zones of primary solar nebula depended on the 
heliocentric distance. 

The Earth’s primary atmosphere, with which 
early life was connected in one way or another, 
can be visualized by comparing it with that 
of other planets of the terrestrial group, such as 
Venus or Mars (Table 10). With the emergence 
of photosynthesis and free oxygen the Earth’s 
primary atmosphere had drastically changed. 

The contemporary level of our knowledge 
enables us to hypothetically accept the state¬ 
ment that as the functioning of catalytic and 
radiochemical reactions in the concluding 
stages of cooling was becoming more pro¬ 
nounced, the chemical evolution in the proto¬ 
planetary nebula could have led not only to 
the formation of complex organic compounds, 
which is now a well-established fact, but also 
to the emergence of DNA molecules. 

One very important fact cannot be but 
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TABLE 10. The Atmosphere of the Earth and Venus 


Component 





N„ % 

78 

1.5 

1.8 

o 2> % 

21 

Traces 

Traces 

Ar, 10-« % 

9000 

190 

200 

co „ % 

0.03 

98 

98 

H t O, km** 

3 

3 

Traces 

Pressure, bars 

1 

70*** 

80±3 


* Primary variant of the Earth model corresponds to 
the conditions pertinent to the absence of photosynthesis and 
carbonates on the Earth. 

** The average depth of the World Ocean. 

*** For crustal carbon with the abundance 9* 10** g. 


mentioned: the biological evolution of the 
biosphere that had come into existence tra¬ 
versed an irreversible path of ever-growing com¬ 
plexity. In 1893 this drew the attention of 
the prominent Belgian paleontologist L. Dollo 
(1857-1931), who formulated the law of irre¬ 
versibility of evolution. According to this 
law an organism cannot even partially return 
to the state which was characteristic of its 
ancestors. Then, referring to Charles Darwin, 
he pointed out that the evolutionary trans¬ 
formation of organisms took place as a result 
of the retention of useful individual variations 
under the influence of natural selection, caused 
by the struggle for existence. All types of plants 
and animals, from the very first days they 
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emerged on Earth, owe their origin to this 
fundamental law. 

The irreversibility of biological evolution 
naturally presupposes that the very process 
of the emergence of living matter and the 
biosphere was taking place in irreversible con¬ 
ditions. What can be considered the most 
typical irreversible process is radioactivity. 
Its possible role in the synthesis of organic 
substances has already been mentioned. Radio¬ 
activity is the general and the most funda¬ 
mental property of a substance, the reflection 
of processes connected with the building of 
nuclides just before the Solar system was 
formed. It was radioactivity that was giving rise 
to that natural radiation background, against 
which chemical evolution in space as well as 
on the early Earth was taking place. As far 
back as 1926 it was established that under the 
radiation of methane there took place the 
polymerization of hydrocarbons with the for¬ 
mation of ever more complex polyatomic mole¬ 
cules. 

According to all the data the most favoura¬ 
ble conditions for the development of life on 
our planet were being created in sea water— 
the natural solution containing all the chemi¬ 
cal elements. The radioactivity of the sea 
water of the early Earth itself was mainly 
determined by the dissolved isotopes 40 K, 
2Sfi U, and a#fl U. Taking into consideration the 
rate of their decay, it is not difficult to 
estimate that sea water as such was 20-30 
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times more radioactive than it is now. Addi¬ 
tional radioactivity might have been introduced 
by the rapidly decaying 129 I, the smallest 
quantities of which could have caused various 
radiation and ionization effects in connection 
with its marked specific radioactivity. It is 
also probable that the radioactive isotopes 
(Table 8) which had soon become extinct 
played their role too. 

The function of radioactivity in the develop¬ 
ment of life on Earth presents a problem to 
the solution of which we have only recently 
started to approach. The impact of radioactiv¬ 
ity upon the living organisms was on the 
decrease in the course of geological time. In 
addition to this we have to consider the fact 
that the simply organized algae and bacteria 
can take considerably greater doses of radia¬ 
tion than the highly-organized forms of animals 
and plants. This makes it possible to assume 
that the lower degree of sensitivity to radio¬ 
activity of simple forms of life is connected 
with their emergence in the early epochs of 
the development of the biosphere, when the 
radioactivity of environment was higher than 
it is today. 

Among the metals that enter into the compo¬ 
sition of organisms and predominantly plants, 
potassium is the richest and most widespread 
element. A.I. Perelman suggested that the 
biophile behaviour of potassium was connected 
with its radioactivity in the historical aspect. 
At the dawn of its development the life, which 
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had then not wholly acquired the mechanism 
of photosynthesis, was in need of sources of 
energy. By assimilating potassium the primary 
organisms received not only the substance 
with the required chemical properties, but 
also an additional source of free energy. This 
could have determined more intensive biologi¬ 
cal assimilation which was retained hereditari¬ 
ly. The absorption of potassium was also trans¬ 
mitted to the more highly organized forms 
of life, for which radioactivity had already 
had no minor significance. However, the 
established physiological role of potassium 
made its absorption reach very high quanti¬ 
ties. 

At the time the first organisms came into 
existence: the main event was the formation of 
spiral DNA molecules, which given the abun¬ 
dance of organic substances, could have been 
a relatively quick process. There is some 
reason to believe, however, that what emerged 
was not a single organism, but living 
matter itself. And only much later it was 
divided into spherical forms that gave rise 
to organisms. 

In the later period the process of complexity 
was taking place in living matter. There oc¬ 
curred a qualitative change in the evolution of 
living material connected with the accuracy of 
reproduction of nucleic acids as a coding proc¬ 
ess of the synthesis of proteins, which con¬ 
siderably surpassed the other organic com¬ 
pounds by their biocatalytic properties. 
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In the process of reproduction new organisms 
occupied the whole space that was useful for 
life, which became an important condition 
for the completion of the formation of bio¬ 
sphere in general. V.I. Vernadsky advanced 
a principle presupposing the constancy of the 
biomass of living matter and spread it thro¬ 
ughout the whole history of our planet. This 
principle was and still remains a profound 
scientific generalization. However, it should 
be emphasized that it has a relative significance. 
The overwhelming intensity of life which 
finds its expression in the high rates of the 
reproduction of smallest organisms, results in 
a planetary equilibrium between the natural 
production of living matter and its decompo¬ 
sition. Hence, at present, we would be more 
justified to speak of an age-long trend towards 
establishing the constancy of biomass for 
particular, presumably even considerable, in¬ 
tervals of geological time. 

According to the data of molecular biology 
the most ancient microbes were represented 
by heterotrophic organisms, that propagated 
in a medium which was characterized by a large 
number of organic and mineral nutritive 
substances. These nutritive substances in¬ 
cluded at least ribose, desoxyribose, phosphate, 
purines, and their predecessors—pyrimidines, 
various 'protein* and 'non-protein* amino 
acids. In the early stages of the Earth's devel¬ 
opment phosphates Na, K, and Ca must 
have been present in adequate quantities, as 
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Ihe weathering products of primary rocks. 
Moreover, a large number of unknown or un¬ 
identified compounds including some of the 
resin-like long polymers could have been used 
as food too. 

The first organisms were characterized by the 
process of fermentative transformation of orga¬ 
nic substances, or fermentation, in which the 
acceptors of electrons were other organic sub¬ 
stances. The realization of these transforma¬ 
tions in the transitory metabolism practically 
in all the organisms serves as an argument 
in favour of the antiquity of these processes. 

In the Earth’s early heterotrophic biosphere 
there soon emerged organisms that were capa¬ 
ble of absorbing carbon dioxide, utilizing 
the energy of the solar rays. According to 
L. Margulis the biosynthetic fixation of car¬ 
bon dioxide, which was so abundant in the 
Earth’s primary atmosphere, was taking place 
along three particular lines. 

First came the most primitive fixation that 
was typical of a large group of microorganisms 
which were not sensitive to visible light. 
The second means emerged with the parti¬ 
cipation of carboxylase, which is found with 
anaerobic photosynthetic bacteria. The third 
fixation C0 2 was being accomplished by means 
of the taking part of ribulose bisphosphate, 
carboxylase. It is characteristic of a large 
number of aerobic organisms and is also typi¬ 
cal of most of the photosynthetic organisms 
and chemoautotrophs. The fixation of atmo- 
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spheric nitrogen was produced almost at the 
same time. This anaerobic process accompa¬ 
nied by an expense of energy was found only 
with prokaryotes. 

The photosynthetic pigmentary systems 
were formed with prokaryotes even before the 
latter as a result of symbiosis became the 
plastids of eukaryotes. It becomes possible 
to assume that the photosynthesis with the 
emission of free oxygen primarily emerged not 
with the green plants at all but with the 
photosynthetic bacteria and blue-green algae 
that release it. 

The development of the Earth's biosphere 
can be regarded as a subsequent alteration of 
three stages (Fig. 13). The ftrst stage, or 
that of the reduction, began as early as in 
the space conditions and was completed on 
Earth with the emergence of heterotrophic 
biosphere. The first stage was characterized by 
the advent of very small spherical anaerobes 
(Fig. 13a). Only traces of free oxygen were 
present. The early means of photosynthesis 
was essentially anaerobic. The fixation of 
nitrogen was developed since a part of ultra¬ 
violet radiation had penetrated through the 
atmosphere and rapidly disintegrated the am¬ 
monia that was present. 

The second stage (the weakly oxidizing one) 
was marked by the emergence of photosynthe¬ 
sis. It continued till the completion of the 
sedimentation of banded ferruginous forma¬ 
tions of the Precambrian period. The aerobic 



The Origin of Biosphere 


113 



The first living cells (a) were presumably Bmall, spheri¬ 
cal anaerobes. Only traces of oxygen were present. 
They survived by fermenting organic molecules formed 
nonbiologically in the anoxic environment. The role or 
such ready-made nutrients was diminished, however, 
when the first photosynthetic organism evolved (6). This 
earliest mode or photosynthesis was entirely anaerobic. 
Another early development was nitrogen fixation, required 
in part because ultraviolet radiation that could freely 
penetrate the atmosphere would have quickly destroyed 
any ammonia (NHj) present. In early Precambrian (c) 
aerobic photosynthesis began in the precursors of modern 
cyanobacteria. Oxygen was generated by these stromato¬ 
lites—building microorganisms (according to W. Schopf, 
1978) 


photosynthesis was initiated by the ancestors 
of cyanobacteria. Oxygen was produced by 
organisms that were building stromatolites 


8-0069 
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(Fig. 136). Its accumulation in the atmosphere, 
however, was low, since it reacted with the 
iron dissolved in water. Besides, iron oxides 
continued to settle, thus forming banded 
ferrigenous formations of the Precambrian 
type. It was only when the ocean relieved itself 
of iron and other semi-valent metals that the 
concentration of oxygen began to grow towards 
the present-day level. 

The third stage was characterized by the 
development of oxidizing photoautotrophic 
biosphere. It began with the completion of 
deposits of banded ferrigenous quartzites about 
1800 min years ago in the epoch of Kareli- 
an-Svekofennian orogenesis. This stage in the 
development of biosphere is characterized by 
the presence of such amount of free oxygen 
which was quite sufficient for the emergence 
and growth of animals, which use it for 
breathing. 

The last two stages in the development of 
biosphere are registered in the stone records 
of geological history. The first stage is the 
one that is most remote and puzzling, and 
the interpretation of its history is connected 
with the solution of the main problems of 
organic space chemistry. 

Some organisms of the early Precambrian 
period, which refer to the blue-green algae 
and cyanobacteria, have changed but little 
in the course of geological history. It can be 
assumed that the simplest organisms possessed 
a high degree of persistence. Essentially, 
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throughout the whole history of the Earth 
there have been no reasons for some of the 
marine microorganisms, in particular the blue- 
green algae and bacteria, to undergo any 
marked changes. 

THE DEVELOPMENT OF PLANTS 

Plants, as the typical representatives of the 
photoautotrophic organisms of our planet emer¬ 
ged in the course of a very long evolution, the 
beginning of which goes back to the primitive 
inhabitants of the illuminated zone of the 
sea—planktonic and benthonic prokaryotes. 
By contrasting the paleontological data with 
those of comparative morphology and physiol¬ 
ogy of the plants living at present time, it 
becomes possible to give the following general 
outline of the chronological sequence of their 
emergence and growth: 

(1) bacteria and blue-green algae (prokar¬ 
yotes); 

(2) cyanic, green, brown, red and other 
algae (eukaryotes as well as all the 
subsequent organisms); 

(3) mosses and liverworts; 

(4) ferns, equiseta (horsetails), lycopods, 
and pteridosperms (seed ferns); 

(5) gymnosperms (including cone-like 
plants); 

(6) angiosperms, or flowering plants. 

Bacteria and blue-green algae were discov¬ 
ered in the most ancient preserved deposits 
of the Precambrian period; much later there 

8 * 
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appeared algae, and only in the Phanerozoic 
period we can find a luxuriant" growth of 
higher plants: lycopods, equiseta (horsetails), 
gymnosperms, and angiosperms. 

Within the whole Cryptozoic period in the 
primary water bodies and in the euphotic 
zone of the ancient seas there was a predom¬ 
inant development of unicellular organ¬ 
isms—the algae of various type. 

With the main representatives of prokary¬ 
otes found in the Precambrian period the 
nutrition was autotrophic, or with the help 
of photosynthesis. The most favourable con¬ 
ditions for photosynthesis were being created 
in the illuminated part of the sea at the depth 
of up to 10 m from surface, which also corres¬ 
ponded to the conditions of shallow-water 
benthos. 

Recent progress in the studies of Precam¬ 
brian microfossils is due to the accumulation 
of a large amount of data. But on the whole 
the interpretation of microscopic preparations 
presents a difficult task which cannot be 
accomplished in any one particular way. 
What lends itself most readily to be discovered 
and recognized are the trichomic bacteria, 
which are markedly distinguished from the 
mineral formations of a similar form. The 
empirical material on microfossils that has 
been received enables us to infer that they 
can be correlated with the now existing cyano¬ 
bacteria. 

Stromatolites, as biogenic constructions of 
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the remote past of our planet were formed at 
the time of the accumulations of fine sediment 
of calcium carbonate, which was captured by 
the photosynthesizing organisms of microbio¬ 
logical associations. The microfossils in stro¬ 
matolites consist almost exclusively of pro¬ 
karyotic microorganisms, which refer mainly 
to blue-green algae—Cyanophyta. In studying 
the remains of benthonic microorganisms that 
compose stromatolites, one very important 
and interesting peculiarity was discovered. 
Microfossils of different age hardly change 
their morphology and on the whole evidence 
the conservative character of prokaryotes. 
Microfossils referring to prokaryotes had re¬ 
mained practically constant over a fairly long 
period of time. In any case, what we have be¬ 
fore us is a well-established fact that the evolu¬ 
tion of prokaryotes took place considerably 
slower than that of higher organisms. 

Thus, in the course of the geological history 
bacteria-prokaryotes have revealed the highest 
degree of persistence. Persistent forms include 
organisms that in the process of evolution 
remained unaltered. As has been pointed out 
by G.A. Zavarzin, since the ancient commu¬ 
nities of microorganisms reveal marked fea¬ 
tures of similarity with the contemporary ones 
that are developed in hydrothermal condi¬ 
tions and in the regions where evaporites are 
formed, which makes it possible to employ pres¬ 
ent-day natural and laboratory models to 
more thoroughly study the geochemical activ- 



118 


Origin and Development of Life on Earth 


ity of these communities, extrapolating them 
into the remote Precambrian period. 

The first eukaryotes emerged in planktonic 
associations of the open seas. The end of 
the exclusive domination of prokaryotes refers 
to the date of approximately 1.4 billion 
years ago, though the first eukaryotes had 
come into existence much earlier. Thus, accord¬ 
ing to the latest data the appearance of the 
fossils of organic remains of black schists and 
carbonaceous formations found near the Lake 
Superior proves that the emergence of eukary¬ 
otic microorganisms took place 1.9 billion 
years * ago. 

From the time of 1.4 billion years ago to 
the present moment the paleontological record 
of the Precambrian period had considerably 
been enlarged. This date coincides with the 
emergence of relatively large forms that refer 
to the planktonic eukaryotes and that re¬ 
ceived the name of ‘Acritarchum’ (which in 
Greek means the creatures of unknown origin). 
It should be mentioned that the group of 
Acritarcha is suggested as an indefinite syste¬ 
matic category which designates microfossils 
of different origin, though similar as to their 
outer morphological features. Scientific liter¬ 
ature contains descriptions of Acritarchum 
of the Precambrian and Lower Paleozoic peri¬ 
ods. Most of the Acritarcha were presumably 
unicellular photosynthesizing eukaryotes, or 
shells of some ancient algae. Some of them 
could also have had prokaryotic organization. 
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The planktonic character of Acritarchum is 
brought out by their cosmopolitan distribu¬ 
tion in coetaneous sedimentary deposits. The 
most ancient Acritarchum of the deposits of 
the early Riphean period in South Ural was 
discovered by T.V. Jankauskas. 

In the course of geological time the size of 
Acritarcha was becoming ever greater. Accord¬ 
ing to the data furnished by observations it 
occurred that the younger the Precambrian 
microfossils were, the larger their size was. 
We may assume that a considerable increase 
in the dimensions of Acritarcha was connected 
with the growth of the size of the eukaryotic 
organization of cells. They could have appeared 
as either independent organisms or, more 
probably, in the symbiosis with others. 
According to L. Margulis the eukaryotic cells 
were brought together on the basis of the 
already existing prokaryotic ones. However, 
for the survival of eukaryotes it was necessary 
that the environment should have been satu¬ 
rated with oxygen, and as a result of this 
there appeared aerobic metabolism. At first 
free oxygen, which was emitted during the 
photosynthesis of cyanophites, was accumulat¬ 
ed in limited quantities within the shallow- 
water places of habitat. The increase of its 
content in the biosphere caused a reaction 
on the part of organisms: they started to occu¬ 
py the places of habitat deprived of oxygen 
(in particular, the anaerobic forms). 

The data pertaining to the Precambrian mi- 



120 


Origin and Development of Life on Earth 


cropaleontology reveal that in the Middle Pre- 
cambrian period even before the eukaryotes 
appeared, cyanophites had comprised a rela¬ 
tively small part of plankton. Eukaryotes were 
in need of free oxygen and were ever contest¬ 
ing for it with prokaryotes in those regions of 
the biosphere where free oxygen appeared. 
According to the available data it is possible 
to consider that the transition from prokary¬ 
otic to eukaryotic flora of the ancient seas was 
taking place at a low rate and that these two 
groups of organisms had coexisted for a long 
period of time. However, the same coexistence, 
though in quite a different proportion, also 
takes place today. By the beginning of the 
Late Riphean period a large number of auto¬ 
trophic and heterotrophic forms of organisms 
had already been spread. 

In the course of their development the organ¬ 
isms moved in search of nutritive substances 
towards the deeper and more remote regions 
of the sea away from the shelves. Paleontolog¬ 
ical records have registered a marked increase 
in the variety of large spheroidal forms of 
eukaryotic Acritarcha in the Late Riphean 
period 900-700 min years ago. As far back as 
about 800 min years there appeared in the 
World Ocean representatives of a new class 
of planktonic organisms—the cubical little 
bodies with massive shells, or outer crusts, 
mineralized by calcium carbonate or silica. 
At the beginning of the Cambrian period in 
the evolution of plankton there took place sub- 
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staniial changes which found their expression 
in the emergence of diverse microorganisms 
with complicated sculptural surface and an 
improved floatability. They were the ones 
that gave rise to genuine spine-like Acritarcha. 

In the early Riphean period (about 1.3 bil¬ 
lion years ago) the emergence of eukaryotes 
created a highly important prerequisite for 
the origin of multicellular plants and animals. 
For the Beltian series of the Precambrian peri¬ 
od of the western states in the North America, 
their description was first given by Ch. Wal- 
kott. But to what type of algae they belong 
(brown, green or red varieties) still remains a 
question. Thus, the excessively long era of 
the domination of bacteria and the blue-green 
algae close to them was superseded by the era 
of algae, which in the waters of the ancient 
oceans acquired a considerable variety of forms 
and colours. Within the Late Riphean period 
and Vend the multicellular algae became more 
varied and could be correlated with the brown 
and red types. 

In the opinion of Academician B.S. Soko¬ 
lov, the multicellular plants and animals 
appeared practically at the same time. In the 
Vend deposits we can find various representa¬ 
tives of aqueous plants. The most prominent 
place is occupied by multicellular algae the 
thallus of which often overfilled the masses of 
Vend deposits: argillites, clays, and sandstones. 
We can often find microplanktonic algae, 
colonial, spiral and filamentous algae Voly- 
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mella , felt-like and other forms. The phyto¬ 
plankton is extremely varied indeed. 

Within the greater part of the Earth’s his- 
'tory the evolution of plants took place in 
the aqueous medium. It was precisely here 
that various stages in the development of 
aqueous vegetation originated. On the whole 
algae constitute a vast group of lower aque¬ 
ous plants containing chlorophyll and pro¬ 
ducing organic substances by means of photo¬ 
synthesis. The body of algae had not yet been 
differentiated into roots, leaves and other char¬ 
acteristic parts. They were represented by 
unicellular, multicellular and colonial forms. 
The reproduction was asexual, vegetative and 
sexual. Algae enter into the composition of 
plankton and benthos. At present they are re¬ 
ferred to the subkingdom of Thallophyta 
plants, the body of which is composed of a rel¬ 
atively homogeneous tissue, or Thallus. The 
latter consists of a large number of cells, that 
are similar as far as their type and functions 
are concerned. In the historical aspect algae 
underwent the most prolonged stage in the 
development of green plants and in the general 
geochemical cycle of the biosphere’s matter 
played the role of a gigantic generator of free 
oxygen. The emergence and development of 
algae had an exceptionally irregular character. 

The green algae (Chlorophyta) represent a 
vast and widespread group of predominantly 
green plants, which is subdivided into five 
classes. According to their outward appearance 
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they are markedly distinct from one another. 
The green algae come from the green flagellate 
organisms. This is evidenced in the transi¬ 
tory forms, Pyramidomonas and Chlamydo- 
monas, mobile unicellular organisms that live 
in water. Green algae are bred in a repro¬ 
ductive way. Some groups of green algae 
reached a high degree of development in the 
Triassic period. 

The flagellate algae (Flagellata) are united 
into a group of microscopic unicellular organ¬ 
isms. Some researchers refer them to the veg¬ 
etable kindgom, while others regard them as 
belonging to the animals. As is the case with 
plants, some flagellates contain chlorophyll. 
However, in contrast to most of the plants 
they do not have any individual cell system 
and are able to digest food with the help of 
ferments, and also live in darkness in the same 
way as living organisms. There is some reason 
to believe that flagellates existed in the Pre- 
cambian period, though their representatives 
were undoubtedly found in the Jurassic de¬ 
posits. 

The brown algae (Phaeophyta) are distin¬ 
guished by the presence of brown pigment the 
quantity of which is such that it actually 
conceals chlorophyll and makes the plants 
acquire a corresponding colour. The brown 
algae refer to benthos and plankton. The 
largest algae reach 30 m in length. Almost all 
of them grow in salt water, for which reason 
they are called sea grass. Brown algae include 
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the Sargasso variety—the floating planktonic 
forms with a large number of bubbles. In 
their fossil state they have been known since 
the Silurian period. 

The red algae (Rhodophyta) have this col¬ 
our owing to the presence of red pigment. 
They are predominantly marine plants that 
are excessively branched. Some of them have 
a calcareous skeleton. This group is often re¬ 
ferred to kullipores. They exist nowadays too, 
but in their fossil state they have been known 
since the Lower Cretaceous period. Somipores 
that are very close to them and have large and 
wide cells appeared in the Ordovician period. 

The chara-shells (Charophyta) represent a 
very specific and fairly high-organized group 
of multicellular plants which are character¬ 
ized by sexual form of reproduction. They are 
so different from other algae that some bota¬ 
nists refer them to the cormophytic variety in 
connection with what has now appeared as 
the differentiation of tissues. Chara-shells are 
of green colour and now live in fresh water 
and brackish water bodies. They avoid sea 
water with a normal degree of salinity, but 
we may well assume that in the Paleozoic pe¬ 
riod they dwelt in the sea. Other chara-shells 
are characterized by sporophydia that are sat¬ 
urated with calcium carbonate. Chara-shells 
belong -to the important rock-forming organ¬ 
isms of the limnetic limestones. 

The diatoms (Diatomeae) are typical repre¬ 
sentatives of plankton. They have an elongat- 
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ed form, and are covered by a shell consisting 
of silica. The first remains of diatoms were 
found in the deposits of the Devonian period, 
though they might be older. On the whole di¬ 
atoms constitute a relatively young group. 
Their evolution has been studied more thor¬ 
oughly than that of the other algae since the 
siliceous shells and valves of diatoms are pre¬ 
served in a fossilized state for a very long 
period of time. Presumably diatoms come 
from the flagellates that had acquired a yellow 
colour and that were capable of depositing in 
their shells small quantities of silica. At 
present diatoms are widely spread in fresh 
and sea waters and are sometimes found in 
humid soils. The remains of diatoms are 
known to. exist in Jurassic deposits, though 
there is some reason to believe that they had 
appeared much earlier. The fossil diatomace- 
ous algae have reached us from the early Creta¬ 
ceous period without any interruption in de¬ 
posits. 

A highly important event which promoted 
a marked acceleration of evolution of the 
whole living population of our planet was the 
migration of plants from water to land. The 
emergence of plants on the surface of conti¬ 
nents can be regarded as a genuine revolution 
in the history of biosphere. The development 
of land vegetation created the necessary con¬ 
ditions for the advent of animals on land. 
However, the mass transition of plants to land 
had been preceded by a long preparatory pe- 
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riod. It can be assumed that the plant life 
on land appeared very long ago, in any case 
locally—in the humid climate on the shores 
of the shallow bays and lagoons, where with 
the changes of water level there periodically 
occurred the supply of aqueous vegetation on 
land. The Soviet naturalist L.S. Berg was 
the first to suggest that the surface of land 
did not represent a lifeless desert either in the 
Cambrian or in the Precambrian period. The 
prominent Soviet paleontologist L.Sh. Da¬ 
vitashvili also regarded it possible that in the 
Precambrian period on the continents there 
might have been some population consisting 
of low-organized plants and possibly even 
animals. However, their total mass was in¬ 
finitesimal. 

In order that the plants could live on land 
they should not have lost water. In this con¬ 
nection we must bear in mind that in the high¬ 
est plants such as mosses, pteridospermaphytes, 
holospermatophytes and spermatophytes, 
which nowadays comprise the main mass of 
land vegetation, only the roots, their fibres 
and rhizoids come into contact with water; 
the rest of their organs, however, are in the 
atmosphere and evaporate water by their 
whole surface. 

Vegetable life reached its peak of develop¬ 
ment on the shores of lagoon lakes and 
swamps. This is where there appeared the type 
of plant the lower part of which was in water 
and the upper one in the air, under the direct 



The Origin of Biosphere 


127 


rays of the Sun. Somewhat later, with the pen¬ 
etration of plants to the unflooded land, their 
very first representatives developed a root sys¬ 
tem and received the opportunity using ground 
waters, which helped them to survive in the 
arid periods. Thus, the new conditions led to 
the division of plant cells into tissues and the 
development of such protective means that their 
ancestors living in water did not have. 

The mass conquest of the continents by 
plants took place in the Silurian period of 
Paleozoic era. First and foremost they were 
the psilophytales—a specific kind of sporo- 
phytes which look like lycopods. A certain 
part of sinuous stalks of psilophytales was 
covered with hispid leaves. Psilophytaleans 
were deprived of roots and basically of the 
leaves too. They consisted of branched stalks 
the height of which was up to 23 cm and 
horizontally extended towards the soil of the 
root stalk. Psilophytales, as the first known 
plants on land, gave rise to massive green 
carpets on the humid ground. 

The production of the organic matter of 
the primary vegetative covers on land must 
have been sparse. The vegetation of the Si¬ 
lurian period undoubtedly came from the sea 
algae and was itself responsible for the emer¬ 
gence of plants in the subsequent period. 

After the conquest of land the development 
of vegetation led to the formation of nume¬ 
rous and varied forms. The intense division of 
plant groups began in the Devonian period 
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Fig. 14. Development and genetic relationships of various groups of land 
plants (according to S. Awramik, S. Morris, 1982) 
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and continued in the following geological 
time. The general genetic relationship of plants 
is given in Fig. 14. 

Mosses came from algae. Their early stage 
of development is very much the same as that 
of some green algae. However, there exists an 
opinion that the origin of mosses is connected 
with simpler representatives of brown algae, 
that had accommodated themselves to the 
conditions of wet rocks or in the soils as 
such. 

On the surface of the early Paleozoic con¬ 
tinents the age of algae gave way to the age 
of psilophytaleans, which gave rise to the 
vegetation the appearance and size of which 
had much in common with the present-day 
bushes of large mosses. In the Carboniferous 
period the domination of psilophytaleans was 
superseded by that of pteridospermaphytes, 
which formed fairly vast forests on the marshy 
soils. The development of these plants had an 
effect on the change in the composition of air. 
A substantial amount of free oxygen was added 
and a mass of nutritive substances that was 
required for the emergence and development of 
land vertebrate animals was accumulated. At 
the same time enormous masses of hard coal 
were concentrated. The Carboniferous period 
was characterized by an exclusive flourishing 
of land vegetation. There emerged arborescent 
lycopods, the height of which reached 30 m, 
huge equiseta (horsetails), ferns and the first 
conifers. The Permian period was marked by 

9-0668 
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the continuation of the development of land 
vegetation, which considerably expanded the 
places of its habitat. 

The period when the pteridospermaphytes 
dominated was replaced by the time of coni¬ 
ferous plants. The continental surface began 
to acquire its present-day shape. At the be¬ 
ginning of the Mesozoic era coniferous plants 
and cycads were spread most broadly, while 
in the Cretaceous period there appeared the 
flowering plants. At the very beginning of the 
early Cretaceous epoch there still existed the 
Jurassic forms of plants, but later the compo¬ 
sition of vegetation underwent marked changes. 
At the end of early Cretaceous epoch we 
find a large number of angiosperrris. From the 
very beginning of the late Cretaceous period, 
however, they set aside the gymnospermous 
and started playing the preponderant role on 
land. On the whole in the land flora there took 
place a gradual change from the Mesozoic veg¬ 
etation of gymnospermous (conifers, cycads 
and ginkgoaceous plants) to the vegetation of 
Cenozoic form. The vegetation of the late 
Cretaceous period had already been character- 
ized by the presence of a large number of 
such now existing flowering plants, as beech, 
willow, birch, plane tree, laurel, and magno¬ 
lia. This restructuring of vegetation had pre¬ 
pared a favourable nutritive basis for the devel¬ 
opment of higher land vertebrate animals— 
mammals and birds. The development of 
flowering plants was connected with the bur- 
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geoning of numerous insects, which played a 
very important part in pollination. 

The advent of a new period in the develop¬ 
ment of plants did not result in the complete 
destruction of the ancient vegetative forms. 
Some organisms of the biosphere had remained. 
When the flowering plants emerged the 
bacteria did not only disappear, but conti¬ 
nued to exist, having found new sources of 
nutrition in the soil and in the organic matter 
of plants and animals. The algae of various 
groups changed and continued their growth to¬ 
gether with the higher plants. 

Woods of coniferous trees, which emerged 
in the Mesozoic period, are now growing along¬ 
side the greenwoods. They gave shelter 
to fern-like plants, since these ancient inhab¬ 
itants of the nebulous and humid climate of 
the Carboniferous period avoided open spaces 
lit by the Sun. 

Lastly, it should be mentioned that there 
was the presence of persistent forms in the 
composition of contemporary flora. The most 
persistent of them were the bacteria that had 
practically remained unaltered since the days 
of the early Precambrian period. But the 
highly organized forms of plants also gave rise 
to genera and species which had changed but 
little until now. 

It is necessary to note that the relatively 
highly organized multicellular genera of plants 
are present in the composition of contempo¬ 
rary flora. The late Paleozoic and Mesozoic 

9* 
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forms of plants, which had remained unal¬ 
tered for tens and hundreds of millions of years 
most certainly belong to the persistent varie¬ 
ties. Thus, at present in the vegetable kingdom 



Fig. 15. “Living fossils' 1 of plant kingdom and their 
fossil relatives (dotted lines indicate that fossils are 
not determined) (according to G. Krumbiegel, H. Wal¬ 
ter, 1980) 


we can find the preserved ‘living fossils’ 
(Fig. 15), represented by the groups of ferns, 
gymnospermous and lycopods. The term ‘liv¬ 
ing fossil’ was first used by Charles Darwin, 
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who adduced the East-Asian tree of the gym- 
nospermous type Ginkgo biloba as an exam¬ 
ple. In the kingdom of land plants the living 
fossils include the widely known fern palms, 
the ginkgo-tree, araucarians, the mammoth 
tree, or the giant sequoia. 

As was pointed out by the prominent speci¬ 
alist of fossil flora A.N. Krishtofovich, many 
genera of plants that were the supreme rulers 
of the ancient forests had also existed for a 
very long time, particularly in the Paleozoic 
period; for instance, Sigillaria , Lepidodendron , 
and Catamites survived for no less than 100- 
130 min years. The same figure can be applied 
to Mesozoic ferns and coniferous Metasequoia. 
The Ginkgo genus covers more than 150 min 
years, while the contemporary species of Gink¬ 
go biloba, if we were to include in it the essen¬ 
tially indistinguishable form Ginkgo adianto- 
ides, extended throughout approximately 
100 min years. 

The living fossils of the present-day vege¬ 
table kingdom can otherwise be called philo- 
genetically conserved types. The paleobotani- 
cally properly studied plants which are referred 
to living fossils may well be regarded as con¬ 
served groups. They have practically remained 
unaltered, and the changes, if any, are but too 
insignificant in comparison with the cognate 
forms of the geological past. 

Therefore, it is quite natural that the pres¬ 
ence of living fossils in the present-day flora 
raises the problem of their formation in the 
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history of the biosphere. The conservative or¬ 
ganizations are present in all major phyloge¬ 
netic branches and exist in most various condi¬ 
tions: in abyssal and shallow-water zones of 
the sea, in ancient tropical forests, in open 
expanses of the steppes and in exclusively all 
the water bodies. From the evolutionary views 
the most important condition for the existence 
of conservative organisms is the presence of hab¬ 
itats with stable conditions. However, the 
stable conditions of their habitat are not de¬ 
cisive. The presence of only individual forms 
rather than the whole communities of flora 
and fauna indicate other factors pertinent to 
the preservation of living fossils. The study 
of their geographical distribution evidences 
that they are correlated with the given terri¬ 
tories, in addition to which geographical isola¬ 
tion being a typical feature. Thus, Australia, 
the islands of Madagascar and New Zealand 
can be regarded as typical regions where ter¬ 
restrial living fossils are spread. 

In its evolution the plant kingdom created a 
general form of ancient landscapes, in which 
the development of animal kingdom took place. 
Hence, the division of geological time can 
be made on the basis of the alteration of var¬ 
ious plant forms. As early as 1930 the German 
paleobotanist W. Zimmerman classified the 
whole geological past into six eras according to 
the development of vegetable kingdom. He 
supplied them with alphabetic labels and 
arranged them in a sequence covering the pe- 
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riod from the ancient eras to the younger oncs< 
A contrastive view of an ordinary scale of 
geological time constructed chiefly according 
to paleozoological data against the background 
of the scale showing the development of plants 
is given in Table 11. 


TABLE 11. The Geochronological Scale and the Main 
Eras in the Development of Plants 


Era 

Period 

Flora 

Plant 
develop¬ 
ment era 

Cenozoic 

Quaternary 

Neocenophyt- 

ic 

Cenophyt- 


Tertiary 

Cretaceous 

Paleoceno- 

phytic 

Neomesophyt- 

ic 

Mesozoic 

Jurassic 




Triassic 

Permian 

Paleomeso- 

phytic 

Mesophyt- 

ic 


Carbonife¬ 

Antracolith- 

Paleophyt 


rous 

ic 

ic 

Paleozoic 

Devonian 

Silurian 

Psilophytic 



Cambrian 

Phycomico- 

Thalas- 

Protero¬ 

zoic 


phytic 

sophytic 


THE DEVELOPMENT 
OF INVERTEBRATES 

The history of invertebrate animals began 
with the unicellular simplest organisms (Pro¬ 
tozoa), which had branched off from the gener- 
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al stem with plants in the Precambrian pe¬ 
riod. However, the first primitive representa¬ 
tives of the animal kingdom had a soft body 
for which reason they have preserved very 
poorly in geological records. The most primi¬ 
tive and simplest of them have common fea¬ 
tures with the unicellular green algae. In the 
contemporary epoch the protozoans (radiola- 
rians and globigerines) comprise a considerable 
part of the plankton of seas and oceans and 
play an important role in oceanic sedimenta¬ 
tion. 

All the main types of invertebrate animals 
emerged in the Precambrian period and gave 
rise to a highly varied multitude of water and 
land forms within the Phanerozoic period. The 
origin of animals from their vegetative ances¬ 
tors was naturally connected with the transi¬ 
tion from the autotrophic to heterotrophic 
means of nutrition. This transition must have 
been gradual in the course of a long geological 
time. In the Precambrian period there took 
place a development of various algae, which 
serves as the basic food for marine animals. 

At present the animal kingdom, except chor- 
dates, includes all the invertebrates, which 
are classified into the following main types: 

Unicellular organisms 
Protozoans (Protozoa) 

Lower multicellular 
Sponges ( Spongia ) 

Archaeocyatheans 
( Arehaeocyathi) 
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Higher multicellular 
organisms 

Two-layered or 
radiants ( Radtata) 

Coelenterates 
(Coelenterata) 

Ctenophorans 
(Ctenophora) 

(a) Protostomes 
( Protostomia ) 

(i Scoleeida ) 

Annelids ( Annelida ) 

Arthropods 
( Arthropoda) 

Mollusks ( Mollusca) 

Bryozoans (Bryozoa) 

Brachiopods 
(Brachiopoda) 

As far as the finds of the most ancient repre¬ 
sentatives of protozoans, which in the later 
periods served as the initial forms for all the 
other animals, paleontological data are scarce 
and controversial. The unicellular animal 
organisms in the ancient Precambrian depo¬ 
sits are morphologically not distinct from 
the vegetative microorganisms. Hence, we 
should pay attention to the known interme¬ 
diate forms of organisms between the plants 
and animals. They include unicellular flagel¬ 
lates (Flagellata), or, more exactly, some of 
the representatives of this class of protozoans. 
But within the limits of this class the coloured 
flagellates are brought into the subclass of 
phytomastigophorans (Phytomastigina) and 
the colourless ones constitute the subclass of 
flagellates (Loomastigina). The flagellates hold 


(b) Deuterostomatous 
organisms 

Echinoderms 

(Echirvodermata) 

Pogonophores 

(Pogonopkora) 
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a special position in the kingdom of animals 
and plants. They are characterized by the 
presence of flagella, or the organs of move¬ 
ment. Their number can be various—from one 
to several units, and even tens and hundreds. 
Among the flagellates we find organisms with 
different types of metabolism, as, for instance, 
with its autotrophic and heterotrophic varie¬ 
ties, while some representatives of this class 
share the features of both these means of nu¬ 
trition. 

In this respect the group of Euglena is par¬ 
ticularly remarkable (see Fig. 2). Numerous 
types of the Euglena genus are widely spread 
in contemporary fresh-water basins, and espe¬ 
cially in polluted waters. Many types of Eug¬ 
lena change the character of their nutrition 
depending on the environment. Under proper 
illumination and in the presence of dissolved 
mineral substances in water the Euglena have 
a typically autotrophic means of nutrition. In 
their bodies there takes place the process of 
photosynthesis with the assimilation of vari¬ 
ous inorganic-salts. In the dark in those solu¬ 
tions that contain organic substances Euglena 
become deprived of chlorophyll, lose their col¬ 
our and assimilate from the solution ready 
organic substances. 

This is how the transition from autotrophic 
to heterotrophic means of nutrition takes place 
with the Euglena. Often, when developing 
in polluted waters, in which the organic matter 
is abundantly dissolved, the Euglena avail 
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themselves of autotrophic as well as heterotro- 
phic means of nutrition. If the Euglena that 
became colourless in the conditions of dark¬ 
ness were brought back to light, then within 
a very short period of time they would acquire 
their green colour again and would resume 
their autotrophic nutrition. 

Thus, with the relatively primitive unicel¬ 
lular organisms the animal and vegetative 
types of metabolism are successfully correlat¬ 
ed, which evidences the closest genetic link 
between the two kingdoms of the organic 
world of our planet. 

According to their structure protozoans are 
excessively varied. Their preponderant num¬ 
ber is of such small size that their investiga¬ 
tion most necessarily presupposes the use of 
the microscope. Protozoans are divided into 
several classes among which we can distin¬ 
guish the following: rhizopods (Rhizopoda), 
sporozoans (Sporozoa), and infusorians (Infu¬ 
soria). The foraminiferas of the class of rhi¬ 
zopods have been found in the fossil state since 
the lower Cambrian period. Radiolarians 
represent spheroidal forms with a central cap¬ 
sule and thin radiant pseudopodia. The ma¬ 
rine planktonic forms have preserved since the 
Precambrian period. In particular, in the black 
siliceous schists of the lower horizons of Ade¬ 
laide series in Australia Radiolarians have 
been found which belong to the Spumellaria 
group; representatives of Nosellaria may also 
be present there. 
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The fossils that are close to protozoans are 
also found in West Africa, within the confines 
of the Nigerian shield, in the rocks of the so- 
called Birrimean series. In 1961 the French 
paleontologists R. Hovas and R. Gotcor found 
there fossil shells (Protozoa) the diameter 
of which was 35-800 pm and that had sili¬ 
ceous walls. The researchers suggested that 
they should be called Birrimarpoldia, since 
these fossils refer to the earliest of the known 
foraminifera in geological records (the radio¬ 
logical age of birrimium is estimated at 2 bil¬ 
lion years). 

In 1963 the Soviet paleontologist M.E. Sil- 
ber described the forms of radiolarians of the 
Imandra (Varzuga) suite in the horizontal tuff 
breccias and lavas in the Kola peninsula. 

Thus, all the data concerning the discovery 
of protozoans testify to their relatively early 
emergence as representatives of eukaryotes. 

One of the landmarks in the development 
of living matter was the appearance of multi¬ 
cellular organisms. As far as the origin of 
multicellular organisms is concerned, hypot¬ 
heses were advanced by such outstanding bi¬ 
ologists as E. Hoeckel (1834-1919) and 
1.1. Mechnikov (1845-1916). The vast majori¬ 
ty of researchers consider that the colonial 
character had been an essential stage in the 
organization of multicellular organisms. In 
principle, the colonial growth can easily emerge 
as a result of an incomplete asexual repro¬ 
duction, when the cells have been divided 
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but not separated. The colonies of this kind 
are often formed with colourless and green 
flagellates, infusorians, solaria, green, blue- 
green, and diatomaceous algae. 

At first the cells entering into the composi¬ 
tion of colony were the same. But later, in 
accordance with the functions they performed, 
their division began. There took place a differ¬ 
entiation into cells that take food, determine 
mobility and those that reproduce. Various 
facts from the field of the anatomy and morphol¬ 
ogy of protozoans that were analyzed by the 
Soviet zoologist S.S. Schulman serve as proof 
that a large number of groups of protozoans 
have a certain tendency towards the transition 
from unicellular to multicellular state. 

One of the most probable hypotheses about 
the origin of multicellular state was put for¬ 
ward in 1935 by the prominent Soviet zoolo¬ 
gist V.A. Dogel (1882-1955). In his opinion 
the multicellular state is the result of poly¬ 
merization. It has been established that the 
organization level of living beings, the degree 
of differentiation and integration of their parts 
are most closely connected with their size. 
The smallest organisms are represented by 
viruses. Next in the order of complexity come 
primitive prokaryotes that are noticeably larg¬ 
er than viruses, but smaller than unicellular 
eukaryotes. Lastly, the multicellular eukary¬ 
otes surpass the unicellular organisms as far 
as their size is concerned. It then naturally 
follows that the first living beings in the his- 
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tory of biosphere were of small size, which 
could be explained by their imperfect organi¬ 
zation. 

According to S.S. Schulman, the progressive 
evolution of animals since the moment of the 
emergence of cellular organisms of the type of 
eukaryotes has been taking place in the follow¬ 
ing order: organisms of the oligomerous struc¬ 
ture —► organisms of polymerous structure -*■ 
organisms of the oligomerous structure on a 
new basis. In this case the author has in mind 
the dialectical law of the negation, when the 
last stage is characterized by synthesis rather 
than by negation alone. 

On the contemporary level of our knowledge 
it is possible to assume that in the initial stage 
of the existence of multicellular organisms the 
most promising ones could have been only the 
floating primitive animals, consisting of non- 
differentiated cells and actively getting food 
for themselves. At first the necessity of a rapid 
movement caused the differentiation of cells 
according to the means of nutrition and the 
metabolism and then all other progressive 
changes typical of the subkingdom of multi¬ 
cellular animals. By means of reproduction 
and variability, which were preserved with 
the multicellular organisms as something in¬ 
herited from their ancestors, it is possible 
that the multicellular organisms themselves 
even enhanced their ability to take part in the 
further evolutionary transformations, which 
can at least be accounted for by the fact that 
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the complication of organization had provided 
now possibilities for variability. 

1.1. Mechnikov assumed that the most prob¬ 
able ancestors of multicellular organisms were 
the colourless flagellates. One of the substan¬ 
tial reasons that conditioned the emergence of 
the first multicellular organisms was an in¬ 
crease in the free oxygen content in the bio¬ 
sphere. The other highly important prere¬ 
quisite was the emergence of eukaryotic cells. 

The mass development of multicellular in¬ 
vertebrate animals is found in the Late Pre- 
cambrian, in the Vendian. The singling out of 
the Vendian period was substantiated by Aca¬ 
demician B.S. Sokolov. In different sections, 
considerably remote from each other, the 
fauna of numerous molluscs was found. This 
type of fauna was initially called Ediacarian 
after the region of the same name in 
Southern Australia. It was described in detail 
by M.F. Glaessner who had studied over 
1400 specimens with the imprints and most of 
other remains and traces of animals. For the 
interval of 700-600 min years ago numerous 
molluscs—marine invertebrates have been most 
reliably established. Among the finds of the 
Ediacarian system 70% are made up of coelen- 
tcrates (Coelenterata). Three fourth of them 
are represented by other organisms in the 
form of medusae or isolated colonial organisms 
of the kind of floating contemporary sipho- 
nophores Velella. Typical animals of the Edia¬ 
carian fauna are given in Fig. 16. The coelen- 
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terates are represented by the colonial forms 
attached to the sea floor just as the present-day 
sea feathers. In addition to these animals the 



Fig. 16. A reconstruction of the Ediacarian fauna 
from the late Precambrian of Australia 
The animals include (J) the sea-pen Charniodiscus; (2) the 
worm Dickinsonia; (J) the liny arthropod Praecambridi- 
um; (4) the echinoderm Tribrachidium; (5) the sea-pen 
Glaessnerina . (6) the Jelly-fishes Cyclomedusa and (7) 

Urachina. The animals lived in shallow water 


composition of Ediacarian fauna included ma¬ 
rine worms which had something in common 
with the modern Polychaeta, the creatures 
without a shell, and that resemble the arthro- 
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pods, and the triradiate disc-like organisms 
of the type of starfish. On the surface of the 
floor all of them left traces and imprints of 
their bodies. Some of the organisms were 
fairly large. For instance, a jelly-fish was 
found, the diameter of which is 1 m, sea 
feathers were more than 1 m in length. The 
leaf-shaped marine worm Dickinsonia had the 
longth of 1 m and was 3 mm wide. 

The Vendian period of the Russian platform 
with its Siberian equivalent of the Yudom se¬ 
ries chronologically coincides with the Edia- 
carian system of Southern Australia. Owing to 
the research conducted by B.S. Sokolov, it 
has been established that the Vendian deposits 
nre characterized by a greater variety of fauna 
of organisms without skeletons than the Edia- 
carian system. The Vendian fauna of the 
USSR is represented by tens of species of pelag¬ 
ic and benthonic genera of cnidaria, annelids, 
arthropods, specific pterodinids, probably mol- 
lusks and pogonophores with the first traces 
of the chitinization of the tube. Among the 
remains of the Vendian fauna we find a num¬ 
ber of cosmopolitan genera and species. The 
Vendian biological complex is more poly¬ 
morphous than any of its predecessors. 

The most substantial changes in the history 
of the development of the animal kingdom 
took place on the threshold of the Vendian 
and Cambrian periods. According to the apt 
expression of V.V. Menner and N.A. Schtreis, 
it is 'the greatest biostratigraphic boundary'. 


10-0669 
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It was characterized by the fact that marine 
animals began to form hard parts of the body; 
covers, shells, and the inner skeleton. The 
early Cambrian fauna had already been drasti¬ 
cally different from its Vendian counterpart. 
And indeed it should be pointed out that in 
the middle of the Vendian period almost all 
the invertebrates without skeletons referred to 
the Phanerozoic types and classes. As early as 
the Cambrian period separate sessile forms of 
benthos—Archaeocyathidae—were widely 

spread. It was early considered that Archaeocya¬ 
thidae were only characteristic of the Cambrian 
period. However, the researchers began to 
doubt whether a clearly defined type of animals 
could have emerged, existed and become whol¬ 
ly extinct within the shortest possible interval 
of geological time, the more so that the sponges 
like the Archaeocyathidae and some of the 
coelenterates, which originated in the Precam- 
brian period, lived far longer. Nowadays it has 
been also established that the Archaeocyathi- 
dae-like forms were lived in the late Precam- 
brian period. They were found and described 
in the geological sections of Eurasia and Afri¬ 
ca. For instance, in the Czech Precambrian pe¬ 
riod, in the rocks with an unclear stratigraphic 
position A.G. Vologdin discovered the remains 
of almost genuine Archaeocyanthidae with 
double-walled skeleton. 

The formation of hard parts of the body 
with various groups of invertebrates took 
place in different periods. Thus, with some of 
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the low-organized groups it began as far back 
as the middle of Vendian period, with others 
the same process occurred in the Cambrian pe¬ 
riod, while with higher-organized groups such 
as mollusks (Nautiloidea, gastropods, and the 
bivalved varieties), as well as corals—tetra- 
corals, the said formation coincided with the 
Ordovician period. 

The inorganic components of hard formations 
with contemporary organisms are predominant¬ 
ly represented by anhydrous calcium carbon¬ 
ate (calcite or aragonite), calcium phosphates 
(apatite) and the silica of various modifica¬ 
tions. The organisms of the late Riphean and 
the beginning of Cambrian period synthesized 
apatites to a greater extent than the organisms 
of the younger geological eras. At first cal¬ 
cium carbonates, which were synthesized only 
by a small number of eukaryotes, had become 
ordinary products of biomineralization by the 
middle of the Cambrian period. Later, on the 
basis of biogenic calcium carbonates, there 
appeared vast biological communities of which 
coral reefs are the ones that are best known. 

Silica was initially deposited only in the 
form of sponges. Later it began to be widely 
used by solaria, radiolarians, diatomaceous 
algae and some of the green plants. 

The primary assimilation of calcium by the 
organisms was connected with their physiolog¬ 
ical functions, and only in the later periods 
it started to deposit phosphate and carbonate 
ions, dissolved in sea water, thus forming 
to* 
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hard parts of the body. However, the factors 
underlying the structure of the hard parts of 
the body in organisms have not yet been made 
quite clear. The reasons of this process have 
not been discovered, which presumably had 
been of ecological character. The hard skeleton 
had to serve as the foundation of organism and 
promote the growth of its size. Moreover, the 
hard skeleton, for instance, in the case with 
marine sponges helped them to occupy a great¬ 
er space and consequently absorb more food. 
With the other animals the skeleton increased 
their firmness serving as a solid construction. 
The shells of the previously soft-bodied ani¬ 
mals protected them from physical injuries. 
They began to serve as a protective means 
from the carnivores which appeared later. As a 
result of the formation of skeletons in the 
Cambrian period there emerged new means of 
habitat in the region of marine shallow wa¬ 
ters. The sponges acquired the possibility to 
filtrate bacteria, trilobites could dig them¬ 
selves into the bottomset beds, and mollusks be¬ 
gan to crawl along the surface of the sea floor. 
With the help of skeletons brachiopods, bryo- 
zoans, and echinoderms could rise vertically 
from the water, and keep themselves practical¬ 
ly over its surface, which made it possible for 
them to more effectively filtrate water contain¬ 
ing microorganisms and thus receive the nec¬ 
essary nutrition. Without the hard parts of 
the body this particular way of life would 
have been impossible, or at any rate much 
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loss productive. According to the American 
scientist G. Hutchinson the emergence of skel¬ 
etons that were able to be fossilized at the 
beginning of the Phanerozoic period, mainly 
reflects the appearance of predacity. Until 
then the biosphere had on the whole been a 
peaceful realm, in which the protective shells 
were not required. 

The phylogenetic bonds of a number of 
most important types of invertebrates accord¬ 
ing to the data provided by paleontology 
and comparative anatomy are given in Fig. 17. 
We can hardly doubt the tenability of the 
adequately substantiated statement concern¬ 
ing the origin of sponges and coelenterates 
from unicellular animals, lower worms— 
from coelenterates and nemertines—from lower 
worms. The origin of arthropods from annelids 
(marine annulids—polychaetes) also seems to 
have been quite probable. 

There is much less information on the emer¬ 
gence of other groups of animals. Besides, what 
ahould be taken into account is that Figure 17 
is based on the idea pertinent to the monophy- 
letic origin of animals, which can be regarded 
as wholly acceptable for the evolution of rela¬ 
tively young taxonomical units. However, the 
polyphyletic origin of species is quite possible 
for the ancient forms the roots of which go 
back into the Precambrian period. 

In what follows we have a brief account of 
the development of the main types of inver¬ 
tebrates in the Phanerozoic period. 
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The sponges (Porifera or Spongia) are predom¬ 
inantly marine animals that live within the 
confines of the shelf. All the sponges (sessile 



Fig. 17. The scheme of family tree of the invertebrates 

benthonic organisms) represent the primitive 
type of mammals. Their tissues, designed for 
particular functions, are differentiated more 
poorly than those of the other multicellular 
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animals. The sponges can be of cubical, spheri¬ 
cal, and arbitrary form with tiny pores through 
which water penetrates with nutritious 
substances. No minor importance for the sys¬ 
tematization of sponges is attributed to the 
forms of spikes of their skeletons, which arc 
called spicules. According to the morphology 
of sponges we can assume that they had origin¬ 
ated from Choanoflagellata and flagellates. The 
reproduction of sponges is characterized by 
sexual as well as asexual means. 

The origin of sponges goes back to the late 
Prccambrian period. A.G. Vologdin and 
N.A. Drozdova described the spicules of sponges 
from the Gonam suite in Siberia, the age 
of which is 1500 min years. 

In the Cambrian seas there already existed a 
fairly rich fauna of sponges, which was repre¬ 
sented by practically all the classes and orders 
that have survived until now. The extinct 
orders of light-rayed and other orders of sponges 
are found in the Paleozoic deposits. The 
sponges had reached the peak of their develop¬ 
ment in the Jurassic and Cretaceous periods. 
Some of the genera and species of cretaceous 
sponges have survived until the present day. 
The fifst fresh-water sponges must have ap¬ 
peared in the Cretaceous period. 

The coelenterates (Coelenterata) refer to 
Hadiata, which are characterized by a radial 
and axial symmetry. The coelenterates are the 
lowest organized multicellular animals among 
the Radiata. They live predominantly in an 
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aqueous medium and considerably less often 
in fresh-water basins. The group of coelenter- 
ates which is attached to the floor is referred to 
the polyps; the shellfishes that float freely be¬ 
long to jellyfish. 

Polyps have a cylindrical or ampullaceous 
form. Jellyfishes look very much like a bell or 
an umbrella. They swim with their mouth 
down. They can be of different size. The larg¬ 
est of them (Gyanea arctica) have an umbrel¬ 
la with the diameter of up to 2 m. Their ten¬ 
tacles extend to about 30 m. The body of coelen- 
terate organism most often represents little sack 
the walls of which consist of an outer layer, or 
an exoderm, and the inner one, or endoderm. 
Inside the sack-like body there is the digestive 
cavity with the only aperture that is called 
the mouth. This cavity functions for the con¬ 
sumption of food as well as the evacuation of 
waste matter. The coelenterates have a simple 
digestive system. The undigested food in the 
form of the remains of microplankton and var¬ 
ious slag formations are expelled from the 
mouth. The animals do not have any blood 
system. The nervous system consists of indi¬ 
vidual nerve cells that form an irregular net¬ 
work. A large number of attached coelenter¬ 
ates have an inner or outer skeleton, which is 
either organic or mineral—calcareous. 

Most of the coelenterates are dioecious or¬ 
ganisms. But alongside sexual reproduction 
they are also copiously characterized by the 
asexual means, which usually finds its expres- 



The Origin of Biosphere 


153 


sion in gemmation. Sometimes in different 
stages of its life circle one and the same type of 
coelenterates has now the structure of a polyp 
and now of a jellyfish. In accordance with the 
characteristic features of their structure coelen¬ 
terates are divided into three classes. 

Nowadays coral polyps form the most high¬ 
ly-organized group. They are exclusively rep¬ 
resented by marine single and colonial forms, 
which lead an attached way of life. They have 
no succession of generations and the medusal 
stage of development. The genuine corals ( Antho - 
zoa —living flowers) fall into three subclasses: 
alcyonarias (alcyonarian coral polyps), tabu¬ 
late corals, and zoontarias. 

The coelenterates must have originated 
from the free-swimming multicellular organ¬ 
isms, which had already possessed a cellu¬ 
lar organization. When these organisms began 
to lead a sessile way of life, there appeared 
coelenterate hydroid polyps, which later gave 
rise to free-swimming jellyfish and coral polyps. 

The first finds of coelenterates were made in 
the sections of the upper Precambrian. The 
oldest of them is the imprint of a large jelly¬ 
fish with the diameter of 18 cm, which was dis¬ 
covered in the sand level of the Nankoweap 
series of the Grand Canyon (the State of Ari¬ 
zona, USA). The imprint was preserved on the 
surface of a thin-layered and fine-grained clay- 
oy sandstone cemented by silica. In the opi¬ 
nion of the American geologists, the Grand 
Canyon series is correlated with the Belt se- 
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ries, the age .of which is within the limits of 
1400-1000 min years. 

The coelenterates are the most ancient of 
the genuine multicellular animals. Many of 
them (70%) were found in the Ediacarian depo¬ 
sits of South Australia (see Fig. 16). In the 
deposits of the Cambrian system jellyfish and 
tabulate corals, or tabulates were discovered. 
The Ordovician period was characterized by 
the origin of more complicated forms—chaeti- 
tides and tetracorals (Rugosa). At the end of 
the Permian period there occurred a mass ex¬ 
tinction of these ancient corals. Scleractinia 
and eight-rayed corals (octocorals) appeared at 
the beginning of the Mesozoic period. These 
two groups of coral polyps are extant now too. 

The worms (Vermes). At one time they were 
classified as various bilateral and symmetrical 
animals with the mouth at one end and the 
anal opening at the other. Nowadays it has 
been established that a vast group of worms 
under the general name of Vermes is divided 
into three types. Among them we can mention 
the type of flatworms (Plathelminthes), round 
worms (Nemathelminthes), nemertines (Ne- 
mertini), and annelids (Annelida). Since most 
of the worms are deprived of hard parts of the 
body they are poorly preserved in fossil state. 
Only in very rare cases worms reach us in the 
form of petrified bodies or leave traces of creep¬ 
ing in the fine-grained rocks. 

The most ancient worms were found in the 
deposits of Ediacar (Vendian period). By their 
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structure the annelids approach the type of 
nrthropods. The ancient annelids were proba¬ 
bly the ancestors of arthropods. 

The arthropods (Arthropoda). The origin of 
nrthropods may well be referred to the begin¬ 
ning of the late Precambrian period, though 
the Phanerozoic period was characterized by 
the formation of innumerable variety of forms 
that superseded the number of species of all 
other types of the animal kingdom. Insects and 
vertebrates are the two kinds of animals the 
domination of which has been established on 
land by now. The number of insects in the 
composition of sea and fresh-water fauna is 
infinitesimal. They have accommodated them¬ 
selves for the second time to the aqueous ele¬ 
ment that is alien to them. As was pointed out 
by V.I. Vernadsky, if we compare the mass of 
people with that of insects, the latter will pre¬ 
sumably be preponderant among the forms of 
terrestrial life. This brings us to the conclusion 
that the insects are the original inhabitants on 
land and their evolution was taking place on 
the surface of continents in an ordinary nitro¬ 
gen-oxygenous atmosphere. 

Since, but with few exceptions, all types of 
insects live on land it is quite natural to as¬ 
sume that in the first place the formation of such 
an enormous number of species called for a 
fairly long geological time, covering the Pre¬ 
cambrian period; secondly, that insects were 
the first animals, which inhabited the land. 
Hence, in the Precambrian period (proba- 
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bly in the middle of it) there was already 
a favourable environment for it. The main 
factor, however, was the presence of free 
oxygen that was necessary for breathing. As 
far as nutrition is concerned we can do no 
more than merely suppose. For instance, we 
can assume that in the littoral parts of the sea 
basins there dwelt the algae that from time to 
time found themselves on land and thus pro¬ 
vided food for the terrestrial insects and their 
ancestors. Until now no traces of insects in 
fossil state in the Precambrian deposits have 
been found. However, this fact can hardly be 
regarded as substantial since fossilized insects 
are generally found much more seldom than' 
the other representatives of the same groups 
of aqueous arthropods. This is made abun¬ 
dantly clear by the presence of an exceptionally 
delicate chitinous cover, brittleness of their 
bodies and the way of life of most of the in¬ 
sects. Even in the Phanerozoic period fossil¬ 
ized insects are found in very rare cases. The 
primary wingless insects (of the order of Col- 
lembola) were first found in the deposits of 
the upper Devonian period. But the insects 
from the deposits of Carboniferous system were 
highly varied and required properly devel¬ 
oped wings and the dimensions that were the 
largest in the history of the world of insects. 
These data undoubtedly prove that the most 
ancient insects had appeared much earlier. 

In geological sections we also know the re¬ 
mains of some other classes of arthropods. The 
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ancient representatives of arthropods includ¬ 
ed trilobites, xiphosurans, scorpions, and 
merostomes. The last reached the greatest 
length of up to 1 m in the Silurian seas. The 
most ancient scorpions were found in the depos¬ 
its of the Silurian system. 

The mollusks (Mollusca) are soft-bodied ani¬ 
mals, representing an isolated group of inver¬ 
tebrates, which in the Phanerozoic period gave 
rise to an enormous number of forms that were 
superseded only by the arthropods. The body 
of mollusks consists of the head, unsegmented 
middle part of the body and foot. All mollusks 
refer to the symmetrically secondary-branded 
animals. Most of them are characterized by a 
hard mineral shell, often covering the whole 
body of the animal. Though at present it is 
customary to single out from 8 to 10 classes 
of mollusks, the greatest significance in geolog¬ 
ical history was attributed to only three of 
them, viz. the cephalopods (Cephalopoda), the 
gastropods (Gastropoda), and the bivalved (Bi- 
valvia). All of them played a highly important 
role in establishing the stratification of Phane¬ 
rozoic period. Most of the mollusks are aque¬ 
ous animals and only some of the representa¬ 
tives of the class of gastropods came out on to 
land and acquired the lungs. The isolation of 
mollusks from other primitive organisms in 
the process of evolution must have taken place 
as early as the Precambrian period. 

The cephalopods, which began to spread 
widely in the early Ordovician period, led a 
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nomadic way of life and fed on living and dead 
small organisms. Later some of them, having 
become carnivorous, thus came to be the 
first predators in the history of animal king¬ 
dom. Presumably, in the early Paleozoic pe¬ 
riod there existed cephalopods with no skele¬ 
tons, and which had something in common 
with the present-day octopuses and squids. 
The cephalopods were the first animals that 
could swim freely in the open water bodies at 
various depths. Their number considerably 
increased in the seas of the Ordovician period. 
The length of some of these animals was 10 m. 
Within the whole period of their existence the 
cephalopods lived in the water that was con¬ 
stantly saline. The fossil cephalopods pro¬ 
duced an exclusively large number of various 
forms. However, at present only few of their 
types have preserved. They include octopuses, 
squids, cuttlefish, and some rare nautiloids. 
The Phanerozoic period was particularly char¬ 
acterized by the propagation of nautiloids, 
ammonites, and belemnites. 

Some of the cephalopods emerged in the 
early Cambrian period. As early as the Ordo¬ 
vician period the nautiloids had already dwelt 
predominantly on the sea floor and in the 
shallow-water parts of the neritic zone. The 
first forms of nautiloids had a markedly flat¬ 
tened shell and must have crept along the sea 
floor. In the course of the whole Ordovician 
period the fauna of nautiloids consisted chiefly 
of the forms with a straight shell. At the same 
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time the spiral-like shell comprised approxi¬ 
mately 15% of all the cephalopods. However, 
later the relationships were most drastically 
changed. In the Devonian period together with 
the straight and slightly curved forms there 
existed many spirally rolled ones. Then, in the 
late Paleozoic period the nautiloids with a 
straight shell became considerably less in num¬ 
ber, while those with a spiral shell gained 
more ground. The spiral shell was much more 
compact and less cumbersome than the straight 
one and proved to be more convenient for 
the free movement of the animal. Nautiloids 
with a spirally twisted shell were characterized 
by a rapid evolution, and accommodated 
themselves to active swimming. But they 
swam relatively little, and not high above the 
sea floor, upon which they could descend from 
any position. Various and rich in their forms 
early Paleozoic nautiloids began to gradual¬ 
ly degenerate in the Devonian period, and 
with the beginning of the early Carboniferous 
period their extinction was already in its ini¬ 
tial stage. 

In the Silurian period the spirally rounded 
nautiloids gave rise to ammonites, and in the 
Devonian period their cognate forms—gonia- 
tites—had already comprised a large group of 
sea organisms. They were more mobile than 
their ancestors, the nautiloids. During the 
Devonian, Carboniferous, Permian and the 
whole of Mesozoic periods various groups of 
ammonites underwent evolution. Their domi- 
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nation continued until the late Cretaceous pe¬ 
riod and ended with the formation of gigantic 
forms discovered in the upper Cretaceous de¬ 
posits. Thus, one of the upper Cretaceous am¬ 
monites in Westphalia (FRG) reached 2.5 m 
in diameter. Ammonites had existed from the 
beginning of the Devonian to the end of Creta¬ 
ceous periods over which period about 1500 
types succeeded each other. 

In the Paleogene there occurred a rapid ex¬ 
tinction of belemnites. What brought it about 
has not yet been made quite clear. According 
to the most widespread opinion the mass extinc¬ 
tion of large groups of cephalopods was con¬ 
nected with the appearance of new active and 
highly organized opponents in the seas. They 
could have been the bony fishes, which had 
abundantly increased in the middle of the 
Cretaceous period as well as such water mam¬ 
mals as the cetaceans, which took the place of 
the sea reptiles of the Mesozoic period. With 
the emergence of these predators not only the 
ammonites, but also the belemnites had disap¬ 
peared. The two groups of cephalqpods, which 
were mobile in the conditions of the Mesozoic 
seas, found themselves awkward and clumsy 
as compared with the new predators. That is 
why in the struggle for existence only the strong¬ 
est and the most agile cephalopods—the type 
of octopuses and squids with the markedly re¬ 
duced calcareous skeleton have survived. 

The changes in the structure of the shells of 
ammonites, which originated in the final stages 
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of their history, make it possible to assume 
that at that time they had to struggle against 
more mobile predators that could fracture the 
shells. This war ended with the defeat of am¬ 
monites. 

However, the mass extinction of ammonites 
at the end of the Mesozoic era could have been 
caused by other factors too. Some researchers 
think that the suppression of ammonites by 
bony fishes could not have been the main rea¬ 
son of their extinction since ammonites served 
as food for numerous predatory sea reptiles, 
including gigantic mososaurs, ichthyosaurs, 
plesiosaurs, and marine crocodiles. Neverthe¬ 
less under these conditions the slow-moving 
nautiloids survived, while ammonites perished. 
In the opinion of the Soviet scientist K. Nesis 
the disappearance of the vast majority of cal¬ 
careous planktonic organisms was the most 
prominent event in the Mesozoic era. This 
also resulted in the extinction of heterotrophic 
ammonites upon which they nourished. 

Thus, the general factor conditioning the 
extinction of ammonites was the competitive 
struggle against the bony fishes, while what 
actually brought it about was an unexpected 
degeneration of calcareous plankton—fora- 
minifers and coccolithophorids. But what lay 
behind the sudden disappearance of calcareous 
plankton has not yet been made quite clear. 

The other classes of mollusks—gastropods 
and bivalves—have survived until now and 
have yielded a great variety of living forms 
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including those that dwell in fresh waters. 
The most widespread class had proved to be 
the gastropods with a large amount of even 
now existing species. The representatives of 
the class of Gastropoda mollusks live in seas, 
in brackish and fresh-water basins, in rivers 
and lakes, while a certain group of them came 
out onto the land and accommodated to a 
new way of life. A large number of fossil 
Gastropoda mollusks were found in the depo¬ 
sits of the Phanerozoic period, though they 
had reached the highest degree of abundance 
and variety in the Cenozoic period. 

The Echinoderms (Echinodermata).. This 
type covers the invertebrates which have a 
radial pentaclinal or less often bilateral (with 
some of the early Paleozoic groups) symmetry 
of their soft body. They are characterized by 
an inner calcareous skeleton built of plates 
that bear spicules, which gave this type the 
name of echinoderms. What is typical of them 
is the ambulacral, or water-vascular system 
that provides them with water, oxygen, and 
food* All the echinoderms are inhabitants of 
the seas, the salinity of which is either normal 
or nearly so. They are reproduced by sexual 
means. The echinoderms are divided into two 
subtypes: Pelmatozoa and Eleuterozoa. 

The Pelmatozoa comprise all the groups of 
sedentary echinoderms of the benthos. They 
can also be represented by the non-sedentary 
forms though they are still derived from the 
sedentary echinoderms—only the sea lilies 
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(crinoids) have preserved in the sea fauna. 
In the geological past there existed some other 
classes of echinoderms which led a sedentary 
way of life. They included cystoids (Cystoidea), 
thecoids (Thecoidea), Carpoidea, and blastoids 
(Blastoidea). 

In the evolution of the echinoderms the se¬ 
dentary forms were the first ones to appear. 
A fairly large number of the representatives of 
echinoderms were found in the deposits of the 
Ordovician period. Thecoids have been discov¬ 
ered from the lower Cambrian to the lower 
Carboniferous periods. Blastoids are known to 
have existed from the Ordovician up to the 
Permian period inclusively, and in their de¬ 
velopment yielded forms that passed from the 
sedentary way of life to the free, benthonic one. 
The sea lilies have the most varied forms. There 
is some reason to believe that they might 
have originated from the cystoideans in the 
Cambrian and even in the Precambrian time. 

The Ordovician period revealed the remains 
of echinoderms, which according to their ana¬ 
tomical structure do not lend themselves to 
be attributed to any of the well-known and 
generally recognized classes. The sedentary 
forms of echinoderms dwelt at different depths 
of the sea floor—from 20 to 5300 m. The great¬ 
er number of sea lilies at present live at the 
depths of 4-5 000 m, and only some of them 
are found in shallow seas. In the Paleozoic 
and Mesozoic periods the sea lilies found their 
habitat in the shallow-water littoral regions 
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of the sea, with some of them acquiring the 
free way of life. In different epochs there 
appeared the non-sedentary forms. They are 
discovered in the Ordovician, Devonian, Car¬ 
boniferous periods and in the deposits of the 
Cretaceous system. However, the non-sedenta¬ 
ry forms remained benthonic animals. The 
factors conditioning the development of free 
forms are connected with the fact that in par¬ 
ticular conditions the ability to move pro¬ 
vides the organism with substantial advantages 
over the forms that stay at one place, or there 
where the animal in the state of larva acquired 
its initial sedentary position. 

The subtype of non-sedentary echinoderms 
is further subdivided into three classes: sea- 
urchins (Echinoidea), starfishes (Asterozoa), 
and holothuria or sea cucumbers (Holothurio- 
idea). As distinct from the sedentary variety, 
the free-living non-sedentary (detached) echi¬ 
noderms comprise the greater part of the pres¬ 
ent-day sea fauna. The origin of the detached 
forms of echinoderms goes back to the early 
Paleozoic period. In the Paleozoic period itself 
the mobile echinoderms gave rise to a great 
number of various forms of ancient urchins, 
which became extinct at the end of the Pa¬ 
leozoic period. All the free-floating echino¬ 
derms are to a great extent predators, as well 
as the devourers of the corpses of various organ¬ 
isms. 

Until now it has been established that this 
type of echinoderms refers to the most highly 
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organized group of invertebrates—the deuteros- 
matous organisms. At first they were predom¬ 
inantly bisymmetrical, mainly sedentary ani¬ 
mals. Later, their free-swimming detached 
forms were singled out. 

Among the mobile forms those that are the 
closest to each other are starfishes and ophiuro- 
ids. The former have been known since the 
Cambrian period, while the origin of the latter 
may well be associated with the Silurian peri¬ 
od. It is assumed that they were derived from 
the early Cambrian primitive Edrioasteroids 
(ancient starfishes). Most probably the sea 
urchins had genetic ties with the latter. How¬ 
ever, the zoologists associate the most ancient 
urchins with cystoideans, while the others are 
referred to edrioasteroids. Among the now 
existing urchins the order of the elastic ones, 
the greater number of whose forms has become 
extinct, are regarded as the primitive variety. 

In the process of the development of animal 
kingdom under conditions of general progres¬ 
sive movement there exist ramifications of cer¬ 
tain groups, the evolution of which seems to 
stop for tens, or even hundreds of millions of 
years. Some aspects of the persistence of plants 
and microorganisms have already been dis¬ 
cussed. The invertebrates that may be referred 
to the so-called persistent forms are presented 
in Fig. 18. 

The brachiopod Lingula is usually adduced 
as a classic example. It emerged in the Ordo¬ 
vician period and existed throughout the whole 
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Fig. 18. Persistence forms of the invertebrates 

From the cephalopods the living fossil is Nau¬ 
tilus—‘the pearly little vessel 1 . The represent¬ 
atives of this genus—the tetrabranchiates 
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with the shell divided into chambers. It pro¬ 
tects the soft parts of the animal’s body, and 
owing to the presence of air chambers regu¬ 
lates the subaqueous floatation. The now exist¬ 
ing Nautilus lives mostly in the calm waters 
at the depths from 40 to 700 m in the south¬ 
western part of the Pacific Ocean. The prede¬ 
cessors of nautilus existed from the early Pa¬ 
leozoic and the Mesozoic periods inclusive. The 
conservative animals include the xiphosurans 
(Limulus) which have much in common with 
scorpions and spiders. 

THE DEVELOPMENT OF VERTEBRATES 

The term ‘vertebrates’ (Vertebrata) was intro¬ 
duced into science by the eminent French nat¬ 
uralist Jean Baptiste Lamarck. The verte¬ 
brates, as a subtype of animals, appeared in the 
biosphere later than all others. Their evolution, 
beginning with the first primitive ancestors 
and ending with the primates and Man, cov¬ 
ered the Phanerozoic period. This is the most 
highly organized, comprehensive and varied 
group of animals of the class of chordates (Chor¬ 
data). With the representatives of this type 
the axial skeleton is the chord—an elastic rod 
extending from the tail part of the animal’s 
body to its head. In the embryonic state the 
chord is characteristic of all the vertebrates, 
while with the adult animals it is replaced by 
the alternation of chondral or bony vertebrae. 
The central nervous system consists of the 
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brain and spinal marrow. The brain has a 
highly complicated structure and is situated 
in the cranium (osseous or cartilaginous), which 
is shared by absolutely all the vertebrates. Most 
of these animals have two pairs of limbs, which, 
depending on the habitat and the character of 
movement, change their forms (fins, flippers, 
feet, and wings). 

The vertebrates are classified into fishes 
(Pisces), amphibians (Amphibia), reptiles (Rep- 
tilia), birds (Aves), and mammals (Mamma¬ 
lia). 

The origin of vertebrates has been studied 
more fully than that of other animals. Accord¬ 
ing to the data provided by paleontology, 
comparative anatomy, and embryology, the 
evolution of lowest vertebrates initially took 
place in water and resulted in the emergence of 
the most varied cyclostomes and fishes, which 
had accommodated themselves to the conditions 
of their habitat. Most probably the first fishes 
came from the small soft-bodied chordates, 
which had the chord and gills and which lived 
at the expense of the filtration of particles 
from sea water. The marked stage in the evolu¬ 
tion of vertebrates was their coming out onto 
the land. The ancestors of land vertebrates 
were crossopterygians, while the most ancient 
representatives of land animals were the am¬ 
phibians (Fig. 19). 

Fishes refer to the most primitive vertebrates. 
The agnathous (Agnatha) of the fish-shaped 
are singled out into an independent super- 
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The thickness of branches indicate the abundance or the small number of the corres¬ 
ponding groups 
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class. The greater part of them included cyclo- 
stomes (Cyclostomata), which do not have 
jaws. Nowadays they are represented by lamp¬ 
reys and hagfishes, which lead a parasitic way 
of life. In the fossil state the cyclostomes have 
been known since the early Ordovician period. 
They were of small size, and in the foremost 
part of their body there was a large flat head 
shield, consisting of several osseous plates. 
They had eyes on either side, which was con¬ 
nected with the benthonic way of life of these 
animals, when they found food on the sea 
floor. In the process of their development from 
the late Silurian to the early Devonian periods 
the agnathous yielded a great variety of forms 
and got quite used to the new conditions of 
life. Some of their species acquired the forms 
that were convenient for swimming in the 
open sea. They nourished by means of draw¬ 
ing in the sediments with their tube-like 
mouth, as well as by swallowing the floating 
plankton from the surface. Some jawless ich- 
thyoids looked like the present-day sommas 
that live in the fresh water basins. The fossil 
remains of cyclostomes evidence that they 
accommodated themselves to the life in fresh 
water long time ago. In the early Devonian pe¬ 
riod the jawless vertebrates led a varied way 
of life, but they had to feed on very small or¬ 
ganisms of plankton, or the fine deposits of 
sea floor. It is paradoxical that the highest lev¬ 
el in the development of primitive cyclostomes 
in the Devonian period coincided with the 
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growth of fish with articulate-like jaws. At 
the end of the Devonian period they ousted 
the cyclostomes, which did not have any os¬ 
seous skeleton. 

Fishes proper (Pisces) have either an osseous 
or cartilaginous skeleton. Sharks and stur¬ 
geons have retained the unsegmented chord. The 
number of vertebrae with different fishes is 
markedly diverse—from 16 (moonfish) to 400 
(the New Zealand belt-fish). Most fishes are 
characterized by an elongated fusiform. The 
skull of the teleost consists of a large number 
of bones; the brain is properly developed, par¬ 
ticularly in the case of dipnoans. The size of 
fishes varies within the wide range—from the 
small chub, 1 cm long, and living on the Phi¬ 
lippine Islands, to the gigantic whale shark, 
which can be as long as 15 m. The fishes are 
subdivided into three classes: placoderms (Pla- 
codermi), cartilaginous fishes (Chondrichthyes) 
and bony fishes (Osteichthyes). 

The first class is represented only by the 
fossil Paleozoic forms; the second class unites 
not only a large number of Paleozoic forms, 
but also the sharks and batoids that we can 
find to be existant; the third class covers the 
most progressive group which was singled out 
as far back as the Paleozoic period, but has 
reached a great variety in the present epoch. 

The placoderms bring together the most 
primitive forms of gnathic, or real, fishes. 
Their body was covered with plates forming a 
specific armour, which outwardly had much 
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in common with the analogous armour of the 
cyclostome ostracodermal forms. That was why 
earlier a certain part of cyclostomes and some 
of the gnathic forms were brought into one 
group under the name of ‘Placodermi’. Their 
typical representative was Coccosteus, the 
length of which was about 50 cm. As far as 
the general shape of the body was concerned, 
it was an ordinary fish, though its lower part 
was flat, which is characteristic of benthonic 
forms. It had a rather long tapering tail at the 
end. 

Another representative of placoderms is di- 
nichthys. It had a powerful gnathic system 
with sharp protrusions and edges, which indi¬ 
cated its predatory character. The most impor¬ 
tant part in the development of placoderms co¬ 
incided with the Devonian time of Paleozoic 
period. In the past there existed two groups 
of placoderms: the arthrodira and the anti- 
archa. The earliest arthrodira were small, some¬ 
what flattened fishes with weak jaws. In the 
course of the Devonian period they rapidly 
developed into swimming predators of a fairly 
large size. During the evolution the shell was 
becoming relatively shorter and the greater 
part of the body could participate in the move¬ 
ment. The gnathic mechanism was also being 
perfected. 

The antiarcha were covered with a much 
wider shell that covered almost all the surface 
of their bodies. Their form was somewhat 
flat. The eyes were small and were situated in 
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the upper part of the head shield. However, 
the antiarcha had strong-limbed fins, that 
looked like hands, adapted to the movement 
along the sea floor. One of the characteristic 
features of antiarcha was that they had lungs, 
which enabled them to breathe. 

Placoderms do not reveal any genetic ties 
with any of the groups of contemporary fishes. 
They became extinct at the end of the Devo¬ 
nian period, thus giving place to more perfect 
fishes. 

Cartilaginous fishes comprise the now exist¬ 
ing sharks and batoids. They have the skele¬ 
ton of primitive structure consisting of verte¬ 
brae. The earliest of species had a set of devel¬ 
oped outer protective formations, which dis¬ 
appeared with the later forms. The cartilag¬ 
inous fishes are a fairly ancient group. The 
first of them appeared in the Silurian period. 
In the later years their number grew, and at 
the beginning of the Carboniferous period their 
numerous forms developed. However, at the 
end of the Paleozoic period the number of 
forms was markedly reduced, and nowadays 
the cartilaginous fishes already account for an 
inconsiderable part of the whole fauna of fishes 
in the natural water bodies. Batoids have 
proved to be a more current branch of sharks. 

Bony fishes originated in the early Devo¬ 
nian period and initially dwelt in fresh-water 
bodies. At the end of the Paleozoic period they 
became the dominating group of fresh-water 
vertebrates and inhabited the seas. The gene- 



Fig. 20. Evolution of fishes began in the Cambrian 
period with the appearance of jawless species that 
nad evolved from a pair of gill slits, and fins became 
paired. One major line of jawed fishes, the ray fins, 
was ancestral to most of the fish species now living. 
The other line, the lobe fins did not lead eventually 
to the earliest amphibians, the ancestors of all form¬ 
footed vertebrates. In largely part the ability of the 
early amphibians to venture onto the land was 
due to the evolution of multicellular plants that 
sustained them, giving rise later to animals that lived 
entirely on land (according to Valentine, 1978) 

alogy and geochronology of bony fishes are 
given in Fig. 20. In the fauna of contempora¬ 
ry water bodies most fishes can be referred to 
the class of bony ones. They are classified into 
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three subclasses: actinopterygians, or the ray- 
finned fish, dipnoans, and crossopterygians. 
They have all been discovered in fossil state 
at the beginning of the Devonian period, and 
probably originated from the acanthodians. 
Most of the contemporary bony fishes have a 
swimming bladder that regulates the depth of 
swimming. The dipnoans dwelt in fresh waters 
and, judging by the structure of their body, 
had always been slow swimmers. They adapted 
themselves to the life in periodically desiccat¬ 
ing rivers and shallow-water lakes. The lungs 
helped them to survive in the arid season and 
then to gain more strength during the period 
of rains, when it was possible to breathe in 
water with the help of gills. In this connection 
the dipnoans had survived in conditions that 
were intolerable for other fishes. In the pres¬ 
ent epoch there exist only three types of di¬ 
pnoans, that live in the rivers of South Africa, 
Australia, and South America. 

The crossopterygians had adapted themselves 
to the active way of life, and occupied the 
large rivers and lakes long time ago. They 
represent the most numerous group that is domi¬ 
nating in the seas even now. Some of them 
(Rhipidistia), which lived in fresh waters, gave 
rise to the amphibians in the late Devonian 
period. Under these conditions the amphibians 
were better adapted predators than their an¬ 
cestors, which were ousted by them from their 
habitats. In the Carboniferous and Permian 
periods Rhipidistia, that had preserved, in- 
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creased in size and could live in large-sized 
rivers and lakes. 

Nowadays the amphibians constitute the 
smallest class of vertebrates. They hold a spe¬ 
cial place among the other vertebrates since 
they are the first most simply organized quad¬ 
rupeds inhabiting the land. 

The amphibians breathe with their lungs; 
they have two cycles of blood circulation, a 
three-chamber heart, and venous as well as 
arterial blood. Their body temperature 
depends on that of the environment which re¬ 
stricts the possibility of their movement, 
orientation, and propagation on land. The 
amphibians can depart far from the natural 
water bodies. However, in the process of re¬ 
production they became inseparably connected 
with water. The eggs of amphibians as land ani¬ 
mals do not have any shells protecting them 
from desiccation and cannot actually exist out¬ 
side the water medium. In connection with 
the aqueous means of parturition and habitat 
the amphibians develop a larva that lives in 
water. Later the larva undergoes the process 
of evolution through a number of transitory 
forms (ichthyoids, tadpoles, etc.) and become 
transformed into an animal living on land. 
At present the amphibians are represented by 
three orders: the urodelans, apodes, and an- 
urans. 

Coming out onto the land in the process of 
evolution, the animals radically altered the 
structure of their body and the most predomi- 
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nant organs. The sea water that gave life to 
vortebrates contained a large quantity of var¬ 
ious dissolved nutritive substances, which 
were not present in atmospheric conditions. 
The first living organisms that found them¬ 
selves on land were confronted with problems 
connected with the means of providing food 
for themselves. Since upon many of the geo¬ 
graphical latitudes the air was insufficiently 
humid, the life in conditions of land and air 
was replete with numerous hazards, particu¬ 
larly for reproduction inasmuch as the repro¬ 
ductive cells are especially susceptible to de¬ 
siccation. 

The relationship of free oxygen and carbon 
dioxide in the atmospheric air is different 
from what it is in sea water. For this reason 
land animals require mechanisms regulating 
the breathing process. The refraction of light 
beams in air medium is lower than in the aque¬ 
ous surroundings, which, in its turn, influ¬ 
enced the structure of eyes. The different rate 
at which the sound propagates in water and air 
brought about changes of the hearing appara¬ 
tus with the animals. Lastly, there occurred 
marked alterations in the gravitational condi¬ 
tions under which the organisms existed. 
In the air the organisms have a greater weight 
than in water. Consequently, the exit of organ¬ 
isms from water to land called for an improved 
physical support, which could not but 
exert its impact on the development and sta¬ 
bility of skeleton. Thus, the transition of ver- 
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tebrates to the land and its conquest are con¬ 
nected with a number of changes of their body 
for the adaptation to quite new conditions. 

The first representatives of amphibians had 
strong bones and their bodies, which were of 
moderate size, were covered with scales. Pre¬ 
sumably, their skin practically did not take 
part in the breathing process. Instead of it 
rapid breathing was performed by the lungs, 
which had changed their volume with the 
increase of the chest. The amphibians had a 
long and powerful tail, which was crowned 
with a fin and four limbs that were situated 
on either side of the body. There is some rea¬ 
son to believe that both the body and the tail 
functioned most actively in swimming, in 
addition to which the limbs themselves also 
participated, though to a lesser extent. The 
ancient amphibians spent much time in water. 
In the aqueous medium the primary amphibi¬ 
ans with their sharp teeth, and eyes situated 
in the upper part of their head, as well as the 
streamline form of the body, resembled small 
crocodiles. 

According to paleontological data, the 
amphibians emerged in the early Devonian pe¬ 
riod. The genealogy of amphibians on the scale 
of geological time is presented in Fig. 21. 
The ancestors of amphibians were the cros- 
sopterygians, which had lungs and paired fins 
that could give rise to pentadactyle limbs. 
This conclusion is substantiated by a remark¬ 
able similarity between the bones that cov- 
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ered the skull of crossopterygians and the 
skull bones of Paleozoic amphibians. The am¬ 
phibians and crossop terygians had upper as 



Fig. 21. Family tree of variQus groups of the am¬ 
phibians 

well as lower ribs, of which the dipnoans were 
deprived, and which on the whole led an am¬ 
phibian way of life. The dipnoans, which had 
12 * 
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lungs, were in many respects different from the 
amphibians, and hence could not have been 
their direct ancestors. 

In the Devonian period there took place a 
crustal uplift, and vast parts of land were cov¬ 
ered with vegetation. The amphibians reached 
the peak of their variety and multitude in 
the Carboniferous and Permian periods when a 
humid and warm climate reigned over the 
great expanses of the Earth. 

The fossil Paleozoic amphibians predomi¬ 
nantly refer to the groups of stegocephalians. 
An important characteristic feature of these 
animals was their strong shell of skin bones, 
which covered the whole skull. On the whole, 
the stegocephalians differed from the present- 
day amphibians in a number of primitive fea¬ 
tures that had been inherited from the cros- 
sopterygians. In particular, those features in¬ 
cluded the osseous shell. The pelvis had not 
yet been connected with the vertebra, and the 
shoulder girdle retained its bond with the 
skull. The front limbs were provided with five 
fingers. 

What crowned the development of ancient 
amphibians was the end of the Paleozoic era, 
when stegocephalians reached a large number 
and variety and did not yet have any enemies 
among the more highly organized land verte¬ 
brates. The data furnished by the paleontology 
and anatomy of amphibians made it possible 
to divide them into two subclasses: Apsido- 
spondyli and Lepospondyli. 
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The first subclass covers the super-order of 
labyrinthodonts and the super-order of salta- 
lorians (Salientia), which includes various 
contemporary amphibians. 

The labyrinthodonts were found exclusively 
in fossil state and represented the stegocephali- 
nns, which had a ‘labyrinthodontal’ type of 
teeth, which they had inherited from their 
ancestors—the crossop terygians. In their 
cross-section the teeth reveal an unusually 
complicated pattern of ramified enamel loops 
that on the whole provide the picture of a lab¬ 
yrinth. The group of labyrinthodonts includ¬ 
ed almost all the large amphibians of the Car¬ 
boniferous, Permian, and Triassic periods. 
During the time of their existence the amphi¬ 
bians underwent substantial changes. The ear¬ 
lier forms were of moderate size and had a 
fish-like form of their body; later, they gained 
in weight, and their body became shorter, 
thicker, and ended with a little thick tail. The 
largest representatives of these animals were 
the mastodonsauruses that lived in the Trias- 
sic period. Their skull reached 1 m in length. 
Outwardly they resembled gigantic frogs. 
Their main food was fish. The mastodonsauru¬ 
ses were predominantly aqueous animals, that 
seldom left the water in which they lived. 

The second subclass, Lepospondyli, covers 
three orders of Stegocephalians of the Carbo¬ 
niferous period. It was represented by small 
amphibians that were well adapted to the life 
in aqueous medium. A large number of them 
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had for the second time lost their limbs and 
were transformed into serpent-like forms. It 
is assumed that from this subclass of amphib¬ 
ians there further emerged the contemporary 
orders of urodelans and apodals. 

The Triassic period was characterized by 
the coeval existence of large amphibians and 
primitive reptiles. The struggle for existence 
between them ended in the victory of the rep¬ 
tiles, which in the Mesozoic period occupied 
all the regions of habitat on the surface of our 
planet: the air, land and water. 

In their biological organization the rep¬ 
tiles had the most obvious advantage over the 
amphibians. They were considerably better 
adapted to the life on land. Essentially, in 
the history of the development of vertebrates 
they were the first animals on land that had 
an oviparous means of reproduction. They 
breathed only with the lungs, and their skin 
was covered with scales or scutellum. The de¬ 
velopment of even those reptiles that live in 
water is not connected with the aqueous 
medium. The fibrous and conchoidal shell 
of their eggs most markedly prevents them 
from desiccation. As compared with the am¬ 
phibians the reptiles have a more perfect sys¬ 
tem of blood circulation. What took place 
was the further division of the arterial and ve¬ 
nous blood flows. Most of the reptiles have a 
three-chamber heart, though ventricle is divid¬ 
ed by an incomplete wall into two halves: the 
right one for the venous blood and the left 
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purl for tho arterial blood. In spite of the 
progressive development of the covers, the 
organs regulating the circulation of blood and 
breathing, the reptiles had on the whole not 
boon able to provide for themselves the warm- 
bloodness of the organism and the temperature 
of their body, as with the amphibians, depends 
on the temperature of the environment. Those 
roptiles that are extant are classified accord¬ 
ing to the four groups: the squamose, 
turtles, crocodiles, and rhynchocephali- 
uns. Their food is highly varied. Among 
them we can find insectivores, ichthyophagous, 
carnivores, herbivorous. In the history of the 
animal world reptiles have traversed a long 
pnth of development. The first finds of rep¬ 
tiles are known in the Carboniferous deposits. 
They refer to the order of cotylosaurs from the 
subclass of anapsids. After they have appeared 
in the Carboniferous period they developed 
considerably in the Permian time. Cotylosaurs 
were massive animals that moved on thick 
pentadactyle limbs. Their size fluctuated from 
several tens of centimetres to some me¬ 
tres. 

The genealogy of various groups of reptiles 
is given in Fig. 22. The most primitive form of 
all the fossil reptiles was the Seymouria— 
a small animal (from 0.5 m in length), which 
had preserved a number of features pertinent 
to amphibians. It practically had no neck, 
and its teeth had a primitive structure, while 
the bones of the skull were similar to the skull 
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Fig. 22. Reptiles evolved from a primitive amphi¬ 
bian stock, which became free from ties to the water 
by evolving an egg that could develop in a terrestrial 
setting. Diversifying rapidly, the reptiles eventually 
came to dominate life on the land. The pelycosaurs 
and the therapsids belonged to two most successful 
reptile groups, the therapsids gradually becoming 
the more diversified. In tne Triassic period the di¬ 
nosaurs evolved in the reptile group and began their 
150 million years' dominance of the terrestrial 
environment. In this chart and in the other accom¬ 
panying charts, tracing the evolution of animal and 
plant groups, the width of a line or a band indicates 
relative size of that group in the corresponding 
geological period 
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cover of stegocephalians in great detail. A 
thorough study of this kind of reptiles and 
their remains found on the territory of the 
USSR made it possible to single out the ba- 
trachosaurs which held an intermediate posi¬ 
tion between the amphibians and the cotylosa- 
urs. According to the available paleontologi¬ 
cal data as well as those of comparative anato¬ 
my it is possible to infer that cotylosaurs were 
a group, which gave rise to all other basic 
groups of reptiles. 

The cotylosaurs were responsible for the 
origin of the more mobile forms of reptiles. 
In addition to this their limbs were becoming 
longer, and the skeleton grew ever more light. 
The reduction of skull shell went along two ba¬ 
sic ways: at first one temporal fossa was formed, 
which was delimited from below by a zy¬ 
gomatic arch, then there appeared two tempo¬ 
ral fossae and two corresponding zygomatic 
arches. Given these features of Ihe skull all 
reptiles can be divided into three groups: 
(1) anapsids—with an intact skull shell (co¬ 
tylosaurs and turtles); (2) synapsids—with one 
zygomatic arch (therapsids, plesiosaurs and, 
presumably, ichthyosaurs); (3) diapsids— 
with two arches. They include all other rep¬ 
tiles. The last group is the most numerous one 
and is further divided into subclasses and a 
host of orders. 

According to the structure of the skull the 
group of anapsids had particularly much in 
common with the stegocephalians. Out of 
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this most ancient branch of reptiles only tur¬ 
tles have survived until now. 

The group of synapsids separated from the 
cotylosaurs and led to the formation of ich- 
thyopterygia and synaptosaurs. Typical repre¬ 
sentatives of ichthyopterygia were the ichthy¬ 
osauruses, which returned into the water med¬ 
ium and acquired a similarity with fishes 
and dolphins. They had a smooth skin and nu¬ 
merous sharp teeth, that were adapted to use 
fish for food. Their size varied from 1 to 
15 m. 

The representatives of synaptosaurs were 
the plesiosaurs which were the sea reptiles 
that were morphologically cognate to the con¬ 
temporary fissipeds. They had a wide thick¬ 
ened body, two pairs of strong limbs, that 
changed into swimming flippers, a long neck with 
a small head and a short tail. Their size fluctu¬ 
ates within a wide range: some species were 
only 0.5 m long; however, there were also 
giants measuring 15 m. They had strong muscles, 
which set their flippers into motion, that served 
them only for purposes of rowing and could 
not keep up the animal's body when it was out 
of water. The factor underlying the transition 
of synapsids from terrestrial to aqueous forms 
have not yet been made quite clear. 

The group of diapsids. It brings together 
the most numerous and varied reptiles and is 
divided into two subclasses—lepidosaurs and 
archosaurs. As far back as the early Permian 
period lepidosaurs, known as the most primi- 
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tive forms, were singled out. They gave rise 
to rhynchocephalians, squamates—lizards. 
What is now known of rhynchocephalians is 
Catteria. At the beginning of the Cretaceous 
period mososaurs separated themselves from 
the squamates. They were marine reptiles, 
which had a snake-like body of 15 m in length 
and two pairs of limbs in the form of flippers. 
At the end of the Cretaceous period snakes 
formed a new branch from lizards. 

The primitive order of Eosuchia had presu¬ 
mably been responsible for the origin of a 
large branch of archosaurs, which was later 
divided into three groups: crocodiles, dino¬ 
saurs and pterodactyls. 

Dinosaurs represented the most numerous 
and varied group of reptiles. Their size mark¬ 
edly fluctuated—from small animals of the 
size of cat and even smaller to real giants, that 
were as long as almost 30 m and whose weight 
was between 40 and 50 t. There was nothing 
like dinosaurs on land. The mass of the largest 
contemporary mammals—the elephants, com¬ 
prises only 1/5 of the mass of a large dinosaur, 
and crocodiles—the closest relatives of dino¬ 
saurs weigh only about 1 t. Dinosaurs were 
light and massive, mobile and clumsy, pre¬ 
datory and herbivorous, with no scales and cov¬ 
ered with bony armour with various protu¬ 
berances. They were divided mainly according 
to the structure of their pelvis, and thus formed 
two large groups of saurischians and omi- 
thischians. They had different means of move- 
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ment. In these two groups dinosaurs are found 
to be either bipeds or quadrupeds. They ap¬ 
peared in the middle Triassic period. 

The saurischian dinosaurs were represented 
by therapods and sauropods. Therapods re¬ 
ferred chiefly to the carnivorous predatory ani¬ 
mals, while sauropods were predominantly her¬ 
bivorous. The early therapods became adapted 
to run fast along the open sites. Some of the 
therapods had the appearance of ostriches. 
They had a long neck and a small head with 
weak jaws, could run fast on their long legs, 
and were omnivorous. Together with the fast¬ 
running small therapods there also existed large 
animals that were immensely strong. They 
were the bipeds that supported themselves on 
the pelvic limbs and had small pectoral limbs. 
They included the tyrannosaur, ceratosaur, 
and allosaurus. Tyrannosaur weighed more 
than the largest elephant; it was as long as 
10 m and 6 m high. The tyrannosaurs had a 
thick skull and sharp teeth. The pectoral 
limbs were considerably diminished and served 
only for the capture of food. The animals 
jumped on pelvic limbs, supporting themselves 
on their tail. The huge therapods must have 
fed on the animals from the group of sauri- 
schians and ornithischians. 

The Jurassic and Cretaceous periods were 
characterized by the development of sauro¬ 
pods. They were the largest animals on Earth. 
They had massive skeletons, but with most 
of the forms the pelvic limbs were longer and 
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stronger than the pectoral limbs. This was 
conditioned by that the pelvic limbs had to 
support the massive pelvis, the greater part of 
the heavy vertebra and the long tail. The pec¬ 
toral limbs, however, were the basis for only 
the chest, and the relatively light neck and 
head. 

The large representatives of saurischian di¬ 
nosaurs included the brontosaurus, diplodocus, 
and brachiosaurus. Brontosaurus reached over 
20 m in length, and had the weight of nearly 
30 t. Diplodocus was much lighter, but sur¬ 
passed brontosaurus in length (26 m). The 
clumsy brachiosaurus was more compact; its 
mass comprised about 50 t. Given the struc¬ 
ture of the body and the masses of these dino¬ 
saurs, it is possible to assume that all of them, 
as is the case with the contemporary hippopo¬ 
tamuses, spent most of their time in water. 
They had weak teeth that were fit only for 
the consumption of soft acquatic vegetation, 
while with the diplodocuses their nostrils and 
eyes were shifted upwards, which helped them 
to see and hear, by taking out of the water only 
u part of the head. 

The ornithischian dinosaurs had a pelvic 
girdle that looked very much the same as 
that of birds. They were of medium size and 
were characterized by various forms. Most of 
them moved on four feet. The animals were 
herbivorous, which found its expression in the 
structure of their teeth. They had a well-de¬ 
veloped armour, which was sometimes cov- 
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ereri with different kind of warts in the form of 
horns, spines, etc. The main development of 
the omithischian dinosaurs coincided with 
the Jurassic and Cretaceous periods. Their typ¬ 
ical representatives were iguanodonts, stego¬ 
sauruses, and triceratops. 

The iguanodonts moved on hind legs and 
were 5-9 m high. They had no armour, and 
the first toe of the pectoral limbs had the form 
of a spine that could serve as a reliable means 
of protection from the predators. The stegosa¬ 
uruses had a very small head and their back 
had two rows of triangular plates, with sever¬ 
al sharp spines situated on their tail. Their 
length comprised 5-6 m. 

In the late Cretaceous period there appeared 
the triceratops (cerapsides)—the dinosaurs 
with corneous warts on the skull, which func¬ 
tioned as a protective means against the pre¬ 
dators. Triceratops looked like a rhinoceros. 
The big horn was situated at the end of the 
muzzle, on the nose, and there was a pair of 
horns above the eyes. By their size the trice¬ 
ratops surpassed the largest rhinoceroses that 
are known to us today. 

Pterosaurs were the first flying vertebrate 
animals. Their pectoral limbs represented 
genuine wings. This group also includes the 
icarosaur whose ribs stretched far aside. When 
the ribs were completely straightened, the 
skin that covered their body could easily be¬ 
come wings. The flying lizards were no greater 
than the present-day squirrel. Most probably 
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they were not less varied than the large flying 
forms that emerged in the Jurassic and Creta¬ 
ceous periods. It is assumed that the icarosaurs 
were better adapted to the control over the bear¬ 
ing surfaces, and in addition to this they 
preserved the developed limbs that helped 
them to properly walk on land, crawl and 
feel various objects. 

The real pterosaurs, or pterodactyls, had 
n number of common features with the birds. 
For instance, crossed thoracic vertebrae, a 
large chest with the keel, a complex sacrum, 
hollow bones, a skull with no seams, and large 
eyes. They fed mostly on fish and lived in lit¬ 
toral rocks. All the pterosauria had a light 
body, the bones were hollow, the head was elon¬ 
gated, and the jaws had sometimes many 
teeth. The pterosauria were of different size— 
from the size of a sparrow to the giants, the 
wings of which could spread to 7 m. They were 
represented by various forms. Among them 
Lhere was the primitive group of rhamphoryn- 
clius, which had a long tail for the regulation 
of the flight as well as the highly organized 
group of pterodactyls proper that had a rudi¬ 
mentary tail. The gigantic flying lizards, the 
pteranodons, were the largest flying animals on 
Narth. When its wings were spread to 7 m, 
the animal weighed 16 kg. A great part of the 
wing and a light structure of the body prove 
that pteranodons mostly glided and could 
spread their wings only when there was a ne¬ 
cessity to do so. 
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A special group of sinapsids singled out from 
the Permian cotylosaurs. They had developed 
jaws, powerful muscles and a progressive differ¬ 
entiation of dental system—heterodontition. 
This brought them closer to the highest class 
of vertebrate animals—the mammals. 

At the end of the Cretaceous period there 
occurred a mass extinction of Mesozoic rep¬ 
tiles. Different hypotheses were put forward to 
explain this phenomenon, even space factors 
were mentioned. It would be out of place to 
present here any critical review of all these 
concepts, though one of such approaches to 
the solution of the problem should be touched 
upon. In the course of the whole Mesozoic era 
most of the reptiles acquired a relatively high 
degree of specialization in different habitats, 
which on the whole were fairly stable. At the 
end of the Mesozoic period the orogenic process¬ 
es were markedly increased (the epoch of La- 
marian orogenesis), which had a negative effect 
upon the conditions in which the reptiles 
lived. Moreover, no minor role was played by 
the struggle for existence with the other, more 
highly organized animals—birds and mam¬ 
mals. Owing to the warm-bloodness and highly 
developed brain they found themselves better 
adapted to new conditions and ousted the less 
developed reptiles. At the same time it should 
be pointed out that the problem of mass 
extinction of Mesozoic reptiles has by far not 
yet been solved. 

Birds represent a class of vertebrates of a 
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higher degree of organization than the reptiles. 
The surface of their body is covered with feath¬ 
ers, and the pectoral limbs are turned into 
wings. In the bird’s organism there takes place 
an intense metabolism with the temperature 
of the body remaining high and constant. Their 
heart is four-chamber, and the arterial and ve¬ 
nous types of blood are separated. The brain 
is properly developed. The same concerns the 
sense organs, particularly those of sight and 
hearing. Birds hold the first place among the 
land vertebrates as far as the velocity of flight 
and the ability to overcome enormous distances. 
The reproduction of birds of different sexes 
is achieved with the help of eggs. However, as 
compared with reptiles, birds lay fewer eggs. 
The complexity of biological phenomena con¬ 
nected with reproduction, and particularly 
the cares of the young are concerned, markedly 
distinguish the birds from reptiles. 

Many anatomical data show a similarity 
between birds and reptiles. As was figurative¬ 
ly expressed by T. Huxley birds are the rep¬ 
tiles that had taken wings. This statement is ap¬ 
propriately substantiated by the transitory 
fossil form that was discovered in the zo- 
lengothenian clayey schists of the upper Ju¬ 
rassic era in Middle Europe. This form re¬ 
ceived-the name of archaeopteryx. The first find 
of archaeopteryx dates back to 1859 and was 
interpreted as a representative of pterosaurs. 
The next and more successful find was made 
in 1861. The animal had feathers, and there 
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was every reason to refer it to the protoalated 
type. The archaeopteryx was a bird according 
to the character of plumage. Given some other 
features it represented a transitory form from 
the reptiles to the birds. Presumably, archaeo¬ 
pteryx originated from small dinosaurs of the 
group of therapods. It cannot be disregarded 
that they were homoiothermal (warm-blood¬ 
ed). The development of feathers served as a 
thermal isolation for the whole body. The ar¬ 
chaeopteryx was still on Earth, but could al¬ 
ready jump up for its prey with the help of 
wings. 

Life in the trees was one of the important con¬ 
ditions in th’e evolution of birds. 

The remains of birds in the form of bones 
and skeleton are very poorly preserved under 
geological conditions. This accounts for the 
fact that in the evolution of birds there still 
remains a great gap covering fifty million 
years after the archaeopteryx. The preserved 
fossil remains of some of the sea birds are 
found in the depdsits of the upper Cretaceous 
period. Birds became of more various kind 
only after the Cretaceous period, when the di¬ 
nosaurs became extinct and the birds had am¬ 
ple opportunity to continue their development 
for a long time. For some time the primary 
birds and pterodactyls existed together and 
waged a competitive struggle against each 
other. Agile and homoiethermal birds became 
strong enemies of the mammals in the strug¬ 
gle for the domination on land. 
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In the upper Cretaceous deposits of North 
America the remains of two types of birds— 
ichthyornis and hesperornis—were discov¬ 
ered. The ichthyornis had vertebrae that had 
much in common with those of reptiles and 
fishes. These birds were of the size of a pigeon; 
their jaws were still provided with sharp 
teeth, and the wings had the same structure as 
those of the contemporary birds. The hesper¬ 
ornis represented a form that was adapted to 
the aqueous way of life and reached 1.5 m 
in length. It was an aqueous bird, its long 
jaws had teeth that were curved back and were 
adapted for the capture of small fish. The 
remains of hesperornis were found in the very 
same layers, as the bones of the gigantic pte- 
ranodont, which was the contemporary of this 
peculiar wingless bird. 

At the beginning of Paleogene the birds 
became on the whole fairly varied; there ap¬ 
peared the nonflying or the running ones. 
They included the diatreme—a gigantic nonfly¬ 
ing bird that was over 2 m in height and had 
a large sharp rostrum and powerful clawed 
paws. The southern continents were to a great 
extent inhabited by large nonflying birds. 
In Neogene in South America there lived the 
Phororakos, a very large nonflying carnivo¬ 
rous bird the height of which measured 2 m. 
The size of its head was compatible with the 
head of the present-day horse. The Moa of 
New Zealand represented a gigantic ostrich 
up to 5 m high. The aepyornis ( Aepyornis ) 
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was a huge nonflying bird that had only re¬ 
cently dwelt in Madagascar. 

The penguins had rather early adapted 
themselves to acqueous medium and becoming 
good swimmers, in addition to which they 
acquired a streamline form, could camouflage 
and were protected from the cold by their feath¬ 
ers and fat. They inhabited the small ocea¬ 
nic islands and the Antarctica, where there 
were no land predators, which could jeopar¬ 
dize the life of penguins. The Cenozoic fossil 
remains show that penguins were as high as 
2 m. 

Nowadays the birds have spread along the 
whole surface of our planet; they live under 
various conditions, and react to any unfavour¬ 
able changes in the environment by leading 
a nomadic way of life and migrating. 

The end in the development of vertebrate 
animals came with the class of mammals. In 
the course of a relatively short period of time 
they reached a high stage in their develop¬ 
ment. This found its expression in the trans¬ 
formation of the corneous cover of mammals' 
body into a hair one serving to protect the or¬ 
ganism from the loss of heat; in the perfec¬ 
tion of their skull; in the development of the 
respiration organs, blood circulation, brain, 
and particularly the cerebral hemispheres; as 
well as in the viviparity and the lactic means 
of feeding their young. 

The ancestors of mammals were probably 
the animal-like reptiles (Theriodontia), which 
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emerged in the Permian period. Within the 
Mesozoic era the mammals were omnivorous 
or predominantly insectivorous. The small 
forms were predominant. These animals 
reached the highest point of their development 
in the Cenozoic era; they became larger and 
more varied morphologically. During the whole 
evolution of animals we can trace one of their 
highly significant features, connected with 
the development of brain. As far back as 
1851 the prominent American geologist, 
mineralogist and biologist James Dwight 
Dana pointed out that in the course of geolo¬ 
gical time the nervous system of animals and 
especially their brain continuously changed 
and developed. What took place was the proc¬ 
ess of cephalization of vertebrates, which man¬ 
ifested itself most clearly in comparison with 
various taxonomic groups. 

We know that initially the living creatures 
did not have any nervous system at all and 
the cephalization process had a number of stages. 
In the first stage, over 500 min years ago, 
the living organisms formed specialized nerve 
cells that transmitted excitation and regulat¬ 
ed the processes of movement and nutrition. 
In nerve cells the impulse was transmitted at 
higher rate than in others. 

The second stage of cephalization consisted 
in the restructuring of the network of nerve 
cells into neurons. This system was becoming 
more perfect, and the excitation in it was trans¬ 
mitted at the rate of 4-15 cm/s. For purposes 
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of comparison, it is worth mentioning that 
the transition rate of the nerve impulse 
with the leech is 40 cm/s, the crustaceans— 
120 cm/s, and the scolopendra—250 cm/s. 
Individual concentrations of nerve cells form 
ganglions, which begin the cephalization prop¬ 
er in the narrow sense of this word. 

The cephalopods were the first to expe¬ 
rience the earlier stages in the perfection of 
nervous system. The appearance in them of 
tentacles and developed eyes was connected 
with the centralization of nervous system. 
In the brain of cephalopods there took place 
the specialization of some of its parts, which 
regulated the particular organs of their body; 
the hands, eyes, and ink bags. Meanwhile, 
the cephalopods showed an increased rate of 
the transmission of nerve impulses, which 
reached 25 m/s. 

The nervous system of insects was highly 
specific—it was markedly dependent on the 
corresponding communities. Their brain con¬ 
sisted of two hemispheres, each of which gov¬ 
erned its own half of the body. The chitinous 
cover restricted the size of their body, and when 
it increased, the mobility of the animal slack¬ 
ened. At the same time the passive tracheal 
respiration did not provide the mass concen¬ 
tration of cells with a sufficient amount of oxy¬ 
gen. Given these conditions, the insects were 
of small size. 

Cephalization had its most coherent expres¬ 
sion in the case of vertebrates. The degrees of 
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cephalization of animals, according to 
R.K. Balandin, are presented in Fig. 23. Ceph¬ 
alization was most markedly developed 
with reptiles. The nervous system was divided 
into brain and spinal cord. The rate at which 
the nerve impulses are transmitted depended 
on the temperature of the body; when it grew, 
its velocity became greater. In the opinion of 
paleontologists the brain of gigantic saurians 
was not larger than that of a kitten, while the 
spinal cord coped with the control of the body. 

The highest degree of cephalization was char¬ 
acteristic of warm-blooded mammals. Their 
nervous system functioned at the constant 
temperature of +31 ... +40 °C. The nerve 
cells had acquired a special cover, which accel¬ 
erated the passing of nerve impulse. But the 
most important phenomenon was the increase 
in volume of the brain. In the series of mam¬ 
mals from the ancient to modern varieties the 
absolute and the relative volume of the brain 
has increased; the same can be said of the 
number of neurons and the area of all the parts 
of the brain.'The warm-blooded mammals un¬ 
derwent a qualitative change of their whole 
nervous system and the brain, which allowed 
them to have no minor advantage in the strug¬ 
gle for existence against other classes of verte¬ 
brate animals. 

The most intense cephalization manifested 
itself in the development of hominids. Dur¬ 
ing the last two billion years their brain was 
increasing in volume with the rate 50 cm 5 for 
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A—relation of brain to spinal cord: i—tortoises; 2— ungu¬ 
lates* 3— cats; 4— apes; 5 —man; B —number of neurons 
of brain; J^coelenterates; t —worms; J—Ashes; 4 — 
amphibians; 5— reptiles; 6— mammals; 7—apes; 8 —man 
Logarithmic scale is given on a vertical line and age in 
min years—on a horizontal line 


the period of 100 thousand years and its gener¬ 
al volume rose three times at this time 
(T. Bielicki, 1987). 
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Thus, the growth of cephaiization in the 
course of the geological history of animals is 
an undisputed fact and can be taken as a rule 
which V.I. Vernadsky called the Dana prin¬ 
ciple. ‘In the chronological expression of geo¬ 
logical periods—V.I. Vernadsky wrote as far 
back as 1902—we can continuously trace this 
phenomenon from the brain of mollusks, 
crustaceans and fishes to the human brain. 
There has not been a single case, when there 
would be all interruption, and there has never 
been a period when the complexity and func¬ 
tioning potential of the central nervous sys¬ 
tem would be lost and there would appear a 
geological period, or a geological system with 
a central nervous system that would be infe¬ 
rior to the one of the preceding period.’ 

The succession of generations of a whole se¬ 
ries of groups of animals had a much more ra¬ 
pid space closer to our epoch, but was much 
slower in the more remote times. This regula¬ 
rity in the acceleration of evolution became 
obvious long ago and was regarded as a mani¬ 
festation of the particular properties of the 
living matter in our planet’s biosphere. 

The acceleration of the rate of development 
of the organic world from the ancient times 
to the current epoch was also noted by one of 
the founders of evolutional paleontology 
V.O. Kovalevsky. In the letter to his brother 
of December 27, 1871, he wrote: ‘The fact that 
life is in a state of acceleration is interesting 
indeed, so to speak; the period from the Lau- 
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rentian to Silurian epochs was much longer 
than from the Silurian epoch to the present 
time; each successive great epoch of the Earth 
is shorter than the one preceding it, and this 
short period of time was sufficient for the 
emergence and extinction of a large number of 
various forms as compared with the epoch that 
came before it; beginning with the Tertiary 
epoch life has been marching on at an incredi¬ 
ble speed; since Eocene onwards large types 
and whole families had appeared and disap¬ 
peared with the new one coming in their 
place. The change that had taken place was 
enormous, though the time it covered must 
have been relatively short: then followed the 
advent of Man, who took possession of the 
world and everything proceeded at a more 
rapid rate.' 

With the 1874-75 publications of E. Hoe- 
ckel, serving as the starting point, F. Engels re¬ 
garded the acceleration pertinent to the rate at 
which the organic world developed within the 
geological time as a natural-historical regula¬ 
rity. F. Engels wrote that in respect to the 
whole history of the development of organisms 
it was necessary to accept the law of accelera¬ 
tion proportional to the square of the distance 
in time from the initial point. 

Together with the main types of animal king¬ 
dom that were progressing in their develop¬ 
ment conservative representatives of vertebrate 
animals were also found. The latter had 
changed but little in the course of geological 
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history. However, cases of the persistency of 
organisms are considerably less restricted than 
those typical of the invertebrates. Among the 
vertebrate animals this can be exemplified by 
Latimeria —a contemporary crossopterygian 
that inhabits the depths of 150-800 m and 
that was first caught in 1938. The land ‘li¬ 
ving fossils’ include the lizard Sphenodon 
punctatus, the ancient frog Leiopelma and the 
little ostrich kiwi-kiwi in New Zealand. 

The whole fauna of marsupials in Australia 
seems to be essentially unique, since one 
would look in vain to find these animals on the 
other continents of the world. 

THE DEVELOPMENT OF MAMMALS 

As has already been mentioned, mammals rep¬ 
resent the highest class of vertebrates, which, 
according to its organization, crowns the whole 
system of animal kingdom. The most substan¬ 
tial features of the general organization of 
mammals consist in the following. 

(1) They have a perfect system of control¬ 
ling heat, which helps them to maintain a rel¬ 
atively constant temperature of the body. 
Thus, the permanent inner medium of the or¬ 
ganism is created. These properties have a de¬ 
cisive role in the distribution of mammals in 
diverse physiographic conditions. 

(2) They are viviparous and feed their young 
with milk, which serves to keep the animals 
alive' in their infancy and provide the possibi- 
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lity for reproduction in absolutely different 
conditions. 

(3) Mammals are characterized by a highly 
developed nervous system, which enables them 
to have complex and perfect forms of the adap¬ 
tation of organisms to environment and a 
whole system of interaction of different or¬ 
gans of their body. The process of cephaliza- 
tion with them found its most coherent ex¬ 
pression. 

All these properties determine the total 
propagation of mammals in the biosphere, 
where they inhabit all the types of living en¬ 
vironment: the air and land, aqueous, and 
soil-and-ground varieties. Mammals are actu¬ 
ally spread throughout the whole world. They 
are not found only on the Antarctic conti¬ 
nent, though seals and whales do come out on 
its coast. 

The closest ancestors of mammals were the 
ancient Paleozoic reptiles, which had pre¬ 
served soipe structural features of amphibians, 
e.g. cutaneous glands, the arrangement of 
joints in the limbs. Paleontologists assume 
that this kind of ancestral group was a subclass 
of therapsids (Therapsida). One of its orders— 

• the theridonts (Theriodontia) is the one that 
is closest to mammals. The fossil remains of 
these animals had teeth differentiated into 
the same groups as those that were typical of 
the mammals, i.e. incisors, fangs, and molars, 
and were situated in the alveoli. There was 
also the secondary bony palate—a highly cha- 
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and minor theridonts, for instance, the ictido- 
saur of the upper Triassic period in South 
Africa. It was an animal as large as a rat, 
the skeleton of which had very much in com¬ 
mon with that of mammals, only that their 
lower jaw consisted of several bones. 

According to paleontological data the ther¬ 
idonts had existed only until the upper Trias¬ 
sic period. The actual paleontological finds 
of ancient mammals correspond to Jurassic 
deposits. They are represented by highly spe¬ 
cialized animals, for which reason their ori¬ 
gin could have cpincided with the earlier pe¬ 
riod, or Triassic age. From its end to Neogene 
there existed the so-called multituberculates— 
small animals the size of a mole, and only 
some of them were as large as a marmot. They 
had no fangs, though their incisors were very 
well developed. The multituberculates repre¬ 
sented specialized forms of plant-eating ani¬ 
mals. Possibly their very early forms gave rise 
to monotremes. At any rate, the structure 
of their teeth was very much the same as that 
of the embryo of a duckhill. 

The placental mammals, presumably as the 
marsupial ones, descended from the pantho- 
theres (the order of bunodonts) at the beginning 
of the Cretaceous period. The earliest forms 
that referred to the insectivores, had been 
known from the late Cretaceous deposits of 
Mongolia. In the Cretaceous period the pla¬ 
cental mammals were divided. The cetaceans 
and rodents produced lateral branches. The 
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insectivores were the ancestors of a large num¬ 
ber of mammals. Bats, edentates, primates, 
and others owe their origin to them. The preda¬ 
tory ungulates formed a single stem, which, 
in the course of some time, separated into 
two distinct branches, the predators and the 
ungulates. The ancient predators, or creodonts 
were responsible for the emergence of pinni¬ 
peds; the perissodactyls, artiodactyls, and, 
presumably, the proboscideans owe their 
descent to the ungulates. In the second half of 
the Cenozoic period the placental mammals be¬ 
came the domineering group of animals on 
the planet. 

The marsupial mammals emerged at the 
beginning of the Cretaceous period. Their re¬ 
mains were found in the deposits of the upper 
Cretaceous period in North America and the 
Paleocene of Eurasia. It follows, then, that 
the native land of marsupials could have been 
the Northern Hemisphere. However, in the 
Neogene they were ousted by the more highly 
developed placenUl mammals, and at present 
the marsupials have preserved only in Austra¬ 
lia, New Guinea and South America. 

According to paleontological data the higher 
placental mammals descended from the tri- 
tuberculates at the beginning of the Cretace¬ 
ous period. They formed 31 orders, of which 
17 have survived until now and 14 have be¬ 
come totally extinct. The placental mammals 
had been developing together with the marsu¬ 
pial ones. 
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The most ancient order of mammals were 
the insectivores, the remains v of which were 
found in the deposits of the upper Cretaceous 
period. Those little animals led partly a ter¬ 
restrial and partly an arboreal way of life. 
The adaptation of a number of arboreal insec¬ 
tivores to gliding and then to flights resulted 
in the formation of such flying forms as the 
order of chiropterans. The gradual transition 
to the feeding on larger animals and an increase 
in size were a marked prerequisite for the 
formation of the order of ancient predators 
or creodonts, which took place at the begin¬ 
ning of the Paleozoic period. However, later, 
when the herbivorous forms acquired a greater 
mobility, creodonts were ousted by more devel¬ 
oped predators—the direct ancestors of the 
contemporary order of Carnivora. As far back 
as the Oligocene, there lived the ancestral 
groups of vivetras, mustelids, dogs, and cats, 
while in the Neogene—we find saber-toothed 
cats with huge curved fangs. 

As early as the beginning of Neogene the 
predators were divided into two unequal 
groups: the greater group included land preda¬ 
tors, while the smaller one consisted of pinni¬ 
peds. The latter became the inhabitants of 
marine and fresh water basins, and fed mostly 
on fish. 

The creodonts, which turned to vegetative 
food at the very beginning of Paleogene, gave 
rise to the first ungulates, or condylarths. At 
first they were relatively small (the size from 
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a mustelid to a wolf) omnivorous animals 
with moderately long fangs, tubercular-molar 
teeth and pentadactyle limbs, in which the 
middle toe was the one that was most devel¬ 
oped. The condylarths gave origin to the two 
branches of contemporary ungulates—the pe- 
rissodactyls and the artiodactyls. 

In the Eocene there appeared the probosci¬ 
deans, the origin of which has not yet been as¬ 
certained. Not much can be said of the origin 
of the cetaceans either. There is some reason 
to believe that the descent of rodents, eden¬ 
tates, aardvarks and primates goes back to the 
ancient insectivores. 

The evolution of mammals cdvered the whole 
of Cenozoic era. 11 was the time when phane¬ 
rogams was spread on land and served as a vi¬ 
tal fodder supply for the settlement and devel¬ 
opment of mammals on different continents. 
In a large number of cases the animals were ob¬ 
liged to adapt themselves to new ecological 
conditions. In addition to this the ancestral 
forms disappeared, while their descendants 
became more highly developed and were actual¬ 
ly transformed into new species. The division 
of continents in Cenozoic era led to the emer¬ 
gence of relatively isolated zoogeographical- 
rogions, which had retained the relics of 
ancient fauna. In the epoch when the marsu¬ 
pials domineered the Australian continent had 
completely been separated. Somewhat later 
South America split itself from North Ameri¬ 
ca and preserved the relics of the fauna typical 
>/a 14-0669 
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of the beginning of Cenozoic era. By that 
time South America had completely lost the 
possibility of any animal exchange with other 
continents. At the beginning of Paleogene South 
America was inhabited by a large number of 
mammals, which 40-30 min years ago devel¬ 
oped independently without being influenced 
by the newcomers. 

At first the domineering role in South Ame¬ 
rica belonged to the marsupials. They were 
the carnivores the size of which was not great¬ 
er than that of opossums. In the later period 
the marsupials became larger and stronger. 
In the Miocene there appeared strong and agile 
animals. Afterwards they became even larg¬ 
er and reached the size of a saber-toothed 
tiger. 

The placental mammals that inhabited 
South America did not surpass the marsupials 
in the time that followed. The fauna of placen- 
tals was represented by highly varied forms. 
There were many ungulate tetrapods the size 
of which ranged from a rabbit to a rhinoceros, 
which had the incisors for the gnawing of wood 
plants. The thoatherium with its head and long 
front teeth adapted to the trituration of vege¬ 
tative food, as well as with its straight verteb¬ 
ra and monodactyle thin legs, looked very 
much like a horse. 

The ancestors of armadillos, sloths, and ant- 
eaters were known in the early Paleogone de¬ 
posits of South America. In the process of 
evolution they developed gigantic forms. Glyp- 
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todont—the armadillo of Pllistocene—reachod 
almost 1.6 m in length. It had a thick 
armoured, as it were, cap on its head, as well 
as an armour that covered the body. All this 
had naturally required a thick skeleton. In 
South America there existed gigantic land 
sloths. Some of them were of the size of an 
elephant. The gigantic anteaters adapted 
themselves to feed on thermites; they used to 
destroy their habitats with their strong 
clawed front paws. 

The established ecosystem of relative balance 
between marsupials and placentals under¬ 
went some extremely marked changes in the 
later Pliocene. Then the Central America 
isthmus had emerged and for the first time in 
40 min years the animals could move freely 
between North and South America. The more 
highly developed North American mammals 
doomed most of the indigenous 'South Ameri¬ 
cans 1 to extinction, in particular the ungu¬ 
lates and the large marsupials: And only an 
inconsiderable part of South American mam¬ 
mals managed to penetrate into North Ameri¬ 
ca. They included the opossums and armadil¬ 
los. The gigantic land sloths reached even 
Alaska. 

In North America and Eurasia there took 
place the evolution of such large animals as 
ungulates and elephants. The evolution of 
horses has been studied most thoroughly. Its 
basic stages'took place in North America. The 
ancestors of horses are considered to be the 
u* 
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Hyracotherium and the Eohippus, the size of 
which was that of a small dog. The remains of 
this ancestor date back to Paleocene. Howev¬ 
er, Hyracotherium could also have been a re¬ 
mote ancestor of other perissodactyls, e.g. 
tapirs and rhinoceroses. 

Hiracotheriums moved very quickly in space 
and fed mostly on the leaves of shrubs. 
In the Eocene and Oligocene the size of horses 
increased, their legs lengthened, and became 
tridactyle, while the teeth became adapt¬ 
ed to the incision and grinding of leaves. At 
the beginning of Neogene there appeared vast 
expanses covered with grass. This resulted in 
that all the herbivorous animals dwelling in 
open plains received an agreeable source of 
nutrition. These conditions were most favour¬ 
able for horses, the teeth of which were exact¬ 
ly adapted to the grinding of vegetative 
food. Thus, the horses which had hitherto been 
animals plucking the leaves of shrubs now be¬ 
came grazing animals. However, in the Mio¬ 
cene, some horses had still inhabited the un¬ 
dergrowth territory, and retained the tridac¬ 
tyle limbs. The animals reached the size of 
our present-day pony. The further development 
of horses found its expression in the formation 
of hipparion fauna, which had widely spread 
over the vast spaces of North America and Eu¬ 
rasia. The hipparions represented small horses, 
the tridactyle limbs of which were charac¬ 
terized by a marked decrease of the lateral 
toes and a clearly expressed hoof. The hippa- 
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rions gave rise to the origin of the ancestors 
of real horses of the contemporary genus 
Eguus. 

The Hyracotheriums produced the ancestors 
of other perissodactyls—titanotheres and rhi¬ 
noceroses. The evolution of rhinoceroses pro¬ 
ceeded in a highly complicated way; this re¬ 
sulted in that there appeared extremely va¬ 
ried and, at times, whimsical forms. The ances¬ 
tors of rhinoceroses were massive animals 
with short legs. They fed on leaves and young 
sprouts. There also existed small rhinoceroses 
with long legs. However, they became extinct 
in the Oligocene, which was perhaps due to 
their having been defeated by horses in the 
concurrent struggle. Many rhinoceroses looked 
like the present-day hippopotamuses. Among 
the rhinoceroses there were large animals. The 
baluchithere rhinoceros was the largest land 
mammal of all those that had ever inhabited 
the Earth. Its height was 5-6 m. Owing to it 
the animal could feed on the leaves and young 
sprouts of very high trees. The baluchithere 
variety lived in the late Oligocene and early 
Eocene in Central Asia. 

The history covering the development of 
elephants is rather complicated. The conclud¬ 
ing stage of their growth began with the Neo¬ 
gene period. Their late Cenozoic ancestors 
changed the means of masticating food. The 
jaws moved only in one direction—to the 
front and back along one and the same line. 
This change in the chewing functions brought 
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about an alteration of the morphological pecu¬ 
liarities of the head. 

Among the mammals the order of primates 
formed an individual group. According to pa¬ 
leontological data their ancestors had been 
known since the Cretaceous period. The most 
ancient primates looked like the contemporary 
lemurs and tarsioids. 

About 80 min years ago the ancient arboreal 
primates appeared. In the Paleogene (67- 
25 min years ago) the old primates were divid¬ 
ed into their lower variety and the anthro¬ 
poid apes, while as far back as 12-8 min years 
there appeared in India and Africa the Rama- 
pithecus—the most ancient of the known pri¬ 
mates, which had some similar features shared 
by the humans. In the Pliocene (approximately 
5 min years ago) there emerged in Africa the 
closest ancestor of Man—the australopithe- 
cus, the biped walking creature that could use 
the first tools. The australopithecus existed 
5-1 min years ago. The time pertinent to the 
transition of a certain part of australopithecus 
to labour refers to about 2.6 min years ago, 
which can be substantiated by the unique find¬ 
ings of the remains of the ancestors of Man 
in East Africa. The epoch of early Paleolith 
was marked by the advent of Man. Since the 
evolution of primates had an extraordinary 
significance in the biosphere it calls for a great¬ 
er disquisition. 



The Evolution 
of Primates and Man 

The primates belong to the most highly organ¬ 
ized order of mammals. They have a devel¬ 
oped nervous system and an adequately large 
brain. Their vision is binocular, while colour 
vision is typical of apes and humans. The vast 
majority of primates in the past and nowadays 
are arboreal forms. They lived among the 
trees and fed chiefly on their fruits, and only 
few of them began to lead a terrestrial way of 
life in the later period (gorillas and baboons). 
The primates are divided into two suborders: 
the prosimians and anthropoid apes. 

Apes had presumably descended from the 
lemur-like ancestors in the Paleogene. The 
higher primages are classified into three large 
groups, the apes of the New World, the apes 
of the Old World, and the hominids, including 
large apes and Man. 

The concluding and most significant event 
in the evolution of primates was the advent of 
Man. Within the confines of the biosphere it 
determined the development of a new cover— 
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the anthroposphere—the sphere of active in¬ 
fluence of civilization on the environment. 
In due course the anthroposphere has to trans¬ 
fer itself into the noosphere—the sphere of 
human mind, the concept of which was com¬ 
prehensively expounded by V.I. Vernadsky. 

In the nineteenth century the data on the 
ancestors of Man were not interrogated, and 
the first question that arose concerned the 
antiquity of man as such. The outstanding En¬ 
glish geologist Ch. Lyell in his book The Geolog¬ 
ical Evidence of the Antiquity of Man (1863) 
adduced substantial evidence in favour of the 
fact that the labour tools of ancient Man could 
indicate the degree of his antiquity. The age 
of these crudely worked stones was estimated 
by the conditions of their bedding at a consid¬ 
erable depth together with the fossil animals. 

Charles Darwin considered that Man had 
appeared as a result of the evolution of the 
animal kingdom. His copious work Origin of 
Species by Means of Selection came out in 
1871. However, at that time the ancestors of 
man had actually not yet been known, with 
the exception of one finding; in 1856 in the 
Neanderthal valley in Germany the skull, a 
part of collar bone and the limb remains of a 
fossilized human were discovered. Later the 
supposed creature was called Neanderthal 
man. 

In 1891-1893 Dr. Eugene Dubois, a Dutch 
military physician, when excavating in Ja¬ 
va, found the cranium, a thigh bone and the 
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molar teeth of a fossil creature more ancient 
than the Neanderthaler. The finding received 
the name of Pithecanthropus (Pithecanthro¬ 
pus erectus). 

In 1918 40 kilometres southeast of Peking 
Dr. J.G. Andersson, a geologist from Swe¬ 
den, discovered fragments of reworked quartz 
together with the bones of animals and the 
teeth of man. In the later period as a result 
of persistent and selfless quests undertaken 
by Prof. Davidson Black, a Canadian anato¬ 
mist, the remains of not less than 38 species 
of the primitive man were assembled. The 
age of the find was estimated at 400-350 thou¬ 
sand years. The discovery itself was called the 
Sinanthropus (Pithecanthropus pecinensis). 

In 1924 Professor P. Dartu of Johannesburg 
University made a study of the fossil skull 
from Taung, a small locality in South Africa. 
He gave the fossil the name of Australopithe¬ 
cus—a southern ape. The assumption was ex¬ 
pressed that the finding could have been the 
missing link between the apes and Man. La¬ 
ter, the remains of australopithecus were also 
discovered in the other parts of Africa. On the 
basis of studying the remains of australopi¬ 
thecus it became possible to come to the con¬ 
clusion that they could walk straight, pro¬ 
duce tools from the bones of animals and hunt. 
The age of these findings was initially estima¬ 
ted at one million years. 

According to the structure of their skull the 
australopithecus held an intermediate posi- 
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tion between the gorilla and the chimpanzee, 
but by a number of features it was closer to 
man, whom it resembled more than the con¬ 
temporary anthropoid apes. Its teeth and jaws 
were fairly heavy as regards the skull, which 
shows that it had mainly fed on vegetative 
food, though at times it could also eat meat. 
The volume of brain comprised about 450 cm 3 , 
which was more than that of large apes. Pre¬ 
sumably, its height reached 1.2 m. 

The further numerous findings of fossil pri¬ 
mates in Africa enabled the scientists to estab¬ 
lish that the most ancient simian men, who 
manufactured crude primitive tools and hunt¬ 
ed the large animals, were singled out of the 
vertebrates, not one million but over 2.6 min 
years ago. 

The quests of the remains of ancient homi- 
nides in the Olduvai Gorge between the Kili¬ 
manjaro mountains and Lake Victoria were 
initiated in 1931 by the British anthropologist 
Dr. Louis S.B. Leakey together with the Ger¬ 
man geologist H. Beck. Presently in this gorge 
a skull was found. It proved to be smaller 
than the skull of a gorilla and that of a mod¬ 
ern man, though its appearance was man¬ 
like and its walk was erect. L. Leakey called 
it Zinjanthropus, which meant an East-Afri- 
can man. Later the potassium-argon method 
helped to establish that the age of the skull 
was unexpectedly very great—1.75 min yearsl 
Soon other findings were made, which received 
the name Homo habilis, i.e. man who could 
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handle things, since stone tools were discov¬ 
ered together with the remains. 

In 1972 on the eastern bank of the Lake 
Rudolf, a skull was found which reminded of 
the modern man more than a Pithecanthro¬ 
pus, to say nothing of the Australopithecus. 
The tufaceous material alternating with the 
sedimentary deposits where the remains were 
buried was allowed to determine their age with 
the help of the potassium-argon method. It was 
3.18-2.61 min years ago. 

Thus, according to current data the primi¬ 
tive man was not the Javanese Pithecanthro¬ 
pus, nor the Sinanthropus, but the East- 
African Homo habilis. The ancestors lived 
together with Australopithecus. It is proba¬ 
ble that with Homo habilis there concurrently 
existed various species of fossil hominids. 
However, the Australopithecuses and their 
cognate forms had become extinct, and a man 
continued to live and develop. Meanwhile, 
in the light of new data it is possible to infer 
that the initial provenance of man was Afri¬ 
ca. The ideas pertaining to the African origin 
of man were expressed long time ago, but at 
present they have been adequately substanti¬ 
ated. 

Over the past decade the research into the 
evolution of primates and man has been consid¬ 
erably advanced. There are three factors 
that can explain it in the main: firstly, there 
has been a marked increase in the amount of 
data concerning the fossil remains of the an- 
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cestors of man; secondly, new quantitative 
methods of investigation on the molecular 
level have extensively been employed; and 
thirdly—the fact that the evolution of man is 
a considerably more complex process than 
what it appeared to be even 20-30 years ago. 
On the whole, in spite of the copious material 
on the evolution of man, many of its aspects 
still remain but poorly elucidated. 

The data of molecular biology rendered no 
minor assistance in the restoration of the fa¬ 
mily tree of primates. As a result of the fur¬ 
ther excavation in Africa, on the territory of 
Kenya and Uganda, about 1000 fossil primates 
as old as 22-17 min years have been found. 
They belong to hominid branches after their 
separation from the apes of the Old World. 
New data have revealed that the human branch 
separated from the stem of African anthro¬ 
poids less than 10 min years ago. 

At present most of the paleontologists and 
anthropologists came to the unanimous opi¬ 
nion as regards the marked closeness of man's 
ancestors to the African anthropoids and con¬ 
cerning a considerable remoteness from the 
Asian forms. The common ancestor of homi- 
nids, chimpanzee and gorilla was twice youn¬ 
ger than the ancestor of all the large hominids. 
The separation of large anthropoids from the 
ancestral stem must have taken place from 
the branch of anthropoid apes approximately 
8-7 min years ago. At the same time it has been 
established that the late Miocene hominids 
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were quite varied, which complicated the 
structuring of evolutionary trees. 

The best known Proconsul africanus was 
the proconsul which represented a nonspecial- 
ized primitive form of anthropoid ape that was 
arboreal and fed on fruits. According to its 
structure this animal did not look like any of 
the apes. Its feet, elbow and shoulder joints 
were the same as those of a chimpanzee, the 
carpus was not different from that of monkeys, 
and the lumbar vertebrae were the same as the 
ones characteristic of a gibbon. 

At the end of the early Miocene (about 
17 min years ago) Africa and Eurasia became 
connected through land. This gave rise to the 
migration of primates and the exchange of land 
fauna. The steppe herbivorous were not nume¬ 
rous, and those that flourished were the brow¬ 
sing wood forms. 

The hominids of Eurasia were divided into 
two large groups—Dryomorphs and Rama- 
morphs. The former included the primates with 
the features of hominids found mostly in Eu¬ 
rope. Ramamorphs were predominantly spread 
in Asia. Their names were derived from the ge¬ 
nus Ramapithecus— the remains of which were 
discovered as far back as 1932. The fossil re¬ 
mains related to Ramapithecuses were found 
in Pakistan. Their age was estimated at mini¬ 
mum 12 min years. The separation of Afri¬ 
can and Asian hominids must have taken place 
about 16 min years ago. 

The first hominids emerged approximately 
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4-3.75 min years ago in Tanzania and Ethio¬ 
pia. Within the interval of 2.5-2 min years ago 
there took place the adaptation of African ho- 
minids, while by the end of this period three 
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or perhaps even more species of hominids had 
existed. About, 1.75 min years ago Homo ha - 
bilis disappeared to be succeeded by Homo 
erectus. It was widely spread in Africa nearly 
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1.6 min years ago. Approximately 1 min years 
ago the representatives of this species wero 
found in Eastern and Southeast Asia. They 
had existed till about 0.3 min years ago. 

Homo erectus had a larger brain (about 
800 cm 3 ), than Homo habilis. According to ar¬ 
cheological data, it produced large symmetri¬ 
cally cultivated stone tools, bench chisels, and 
some of these representatives could probably 
even make use of fire. The archaic form Homo 
erectus gave rise to a continuous line of de¬ 
velopment up to the current form of Homo sa¬ 
piens. This is the line on which the Neander¬ 
thal man was. However, with the transition to 
present-day Homo sapiens the massiveness of 
the skeleton, face and dental system that was 
characteristic of Neanderthalers has been lost. 
The general diagram of the evolution of pri¬ 
mates is given in Fig. 25. 
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The Earth’s creatures are the product 
of a complex space process and a 
regular part of a rigid space mechan¬ 
ism, in which, as we know, nothing 
is haphazard. 

V.I. Vernadsky 

The process of the origin of life in the course of 
a long irreversible development of natural sys¬ 
tems belongs to the great mysteries of Na¬ 
ture. At present we are only approaching its 
solution. There can be no doubt that the emer¬ 
gence and organization of living matter are 
connected with the properties of the atoms en¬ 
tering into its composition, and primarily 
with the properties of carbon. Thus, what 
brought about the origin of life consisted in those 
particular processes in space evolution of the 
substance of the Solar system, or more precisely, 
in the nuclear synthesis (nucleosynthesis), 
which preceded the appearance of this system. 
It was exactly the nuclear synthesis that had 
led to the formation of the atoms of biophile 
elements H, C, N, and 0 in the relationship 
which proved to be favourable for the forma¬ 
tion of complex organic compounds—the di¬ 
rect predecessors of life. When the primary ga¬ 
seous nebula, that was genetically associated 
with the early Sun, was being cooled, there 
appeared organic compounds. They emerged 
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mainly in the last stages of congelation, which 
was registered in the space rocks of the further 
periods—meteorites and particularly the car¬ 
bonaceous chondrites. 

The search of traces of ancient life made it 
clear to us that virtually it had no beginning 
at all. In the rocks of the early Precambrian 
period of Greenland, South Africa and Western 
Australia indisputable geochemical and micro- 
paleontological evidence was found testifying 
to the existence of ancient biosphere with 
the predominance of photosynthesizing auto¬ 
trophic organisms. The early biosphere with 
the heterotrophic organisms and markedly re¬ 
ducing conditions that is assumed by many 
scientists existed for a relatively short period 
of time. In the stone records of the earth’s crust 
we practically do not find its traces. 

In the course of geological time the evolu¬ 
tion of living organisms yielded an innumerable 
variety of species. The emergence of photo¬ 
synthesis took place about 4 billion years ago 
and possibly even prior to that date. Photo¬ 
synthesis in the biosphere was initially car¬ 
ried out by blue-green algae and their ances¬ 
tors. The emergence of photosynthesis had led 
to the origin of free oxygen and enabled most 
of the living substances to improve their ener¬ 
gy exchange by superstructuring on top of the 
former anaerobic exchange new systems of 
oxygen breathing. The biosphere had acquired 
a powerful oxygen potential, which determined 
the general character of geochemical proc- 
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esses, the migration of chemical elements, and 
the forms of their location. In the Cryptozoic- 
Precambrian periods life had been developing 
in marine conditions at a rather slow pace on 
the whole. 

In the Cambrian period there appeared high¬ 
er vertebrate animals, which built their skel¬ 
eton from calcium carbonate. The formation 
of biogenic limestones from their remains was 
on the increase. The development of skeleton 
with the vertebrates resulted in the growing of 
fluorine and phosphorus migration. The coming 
out of plants onto the land in the Devonian pe¬ 
riod determined a marked change in the devel¬ 
opment of the biosphere in general. It ren¬ 
dered enormous possibilities for the further 
comprehensive development of animals as well 
as plants. At first there appeared ferns, horse¬ 
tails, and seed ferns, which enhanced the mi¬ 
gration of carbon dioxide. The development of 
land vegetation and the formation of soils 
created the prerequisites for the influx of ani¬ 
mals to the surface of continents. As a result 
of the evolution of vegetable kingdom there 
appeared in the Mesozoic period forests of co¬ 
niferous and flowering plants full of life. 

At the end of the Mesozoic and in the Ceno- 
zoic periods the migration of biophile ele¬ 
ments in connection with the emergence of 
birds proceeded on a wider scale. Thus, the 
living matter covered the lower part of the 
atmosphere, or the troposphere. Birds as well 
as the other flying organisms, began to play a 
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prominent part in the metabolism between 
land and sea. In the given case the function of 
birds had proved to be reverse to that of 
rivers—viz. in the transportation of a sub¬ 
stance from the aqueous medium to land, 
since a large number of their aquatic repre¬ 
sentatives fed on fish. 

Lastly, the most prominent changes in the 
Earth's biosphere came with the coming and 
development of .man. In the depths of the 
biosphere there first appeared the anthropo- 
sphere, the beginning of which was set by the 
settlement of primitive man over the whole 
surface of continents. The man began to be 
relatively independent of climate. However, 
in the course of the development of productive 
forces and civilization, the anthroposphere, 
expressing the spontaneous activity of human 
society, must transfer into noosphere—the 
new cover of the Earth, the region of con¬ 
scious activity of the human race. 

The term ‘noosphere’ was suggested in 
1927 by the French scientists E. Le Roy (1870- 
1954) and T. de Chadrin (1881-1955) who were 
influenced by V.I. Vernadsky’s lectures at the 
Sorbonne University in France. The concept 
of noosphere was treated most extensively in 
T. de Chadrin’s book The Phenomenon of 
Man . The latest edition of this work in the 
Russian translation was published in 1987. 
In it the author determines the noosphere as a 
'new cover’, ‘the reasoning stratum’, which 
originated at the end of the Tertiary period 
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and has been expanding over the kingdom of 
plants and animals—outside the biosphere and 
above it. A more profound understanding of 
noosphere was elaborated by V.I. Vernadsky 
in the last years of his life in the article 
‘Some Words on the Noosphere’ (1944). He 
wrote, that humanity, taken as a whole, be¬ 
comes a powerful geological force. And now 
man, with his intellect and labour, is posed 
with the problem of restructring the biosphere 
in the interests of freely thinking humanity, 
as an integral whole. This new state of the bio¬ 
sphere which we are approaching without 
noticing it is exactly what noosphere is. Ac¬ 
cording to V.I. Vernadsky, the noosphere is 
the biosphere that is rationally controlled by 
man. 

The noosphere extends beyond the limits of 
the Earth’s biosphere in connection with the 
development of cosmonautics. What is actual¬ 
ly taking place is the conquest of the near- 
Sun space with unpredictable possibilities. 
The creation of artificial biospheres of the ter¬ 
restrial type on some of the planets does not 
present a whimsical idea any longer. Life, 
which originated within the process of space 
evolution is on its way back to outer space. 
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The book though included in popular science series pres¬ 
ents a vast panorama of geological events ranging from 
prehistoric times to the present period, and covers prac¬ 
tically all the landmarks in the history of evolution. 
Various stages in the development of plants, animals, and 
man form a concatenation of scientifically valid discov¬ 
eries with the disquisition of which the readers will become 
acquainted. 

The author of this book is Prof. George Voitkevich, head 
of the department of geochemistry and geophysics at 
Rostov-on-Don State University. His multilateral scientific 
activity within the domain of the Earth sciences is well 
known in his own country as ,well as elsewhere. His 
Fundamentals of Geochemistry is at present the standard 
manual for Soviet universities, some of his books have 
been translated into European and Oriental languages. 
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